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PHYSICAL PROPERTIES OF PURIFIED 2,2,3-TRIMETHYL- 
PENTANE 


By Donald B. Brooks, Frank L. Howard, and Hugh C. Crafton, Jr. 


ABSTRACT 


A sample of 2,2,3-trimethylpentane prepared synthetically was purified by 
ractionation in an automatically controlled 6-m_ helix- -packe d column. The re- 
iting product was of such purity that a good freezing point could be ob- 
tained. The freezing point and melting point were determined in an apparatus 

which the rate of cooling or heating could be accurately controlled. Other 

perties measured included the boiling point and its variation with pressure, 
and refractive index and density and their variations with temperature. 
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I. INTRODUCTION 


In connection with an investigation of paraffin hydrocarbons as 
viation fuel constituents being conducted at the National Bureau 
of Standards for the National Advisory Committee for Aeronautics, 
the Navy Bureau of Aeronautics, and the Army Air Corps, a sample 
of 2,2,3-trimethylpentane was prepared syntiietically, and purified by 
fractionation in an automatically controlled 6-m helix- “pac ked column. 

The resulting product was of such purity that a good freezing point 
could be obtained. 


II. PREPARATION OF 2,2,3-TRIMETHYLPENTANE 


Methylethyl-tertiary-butylearbinol was prepared from tertiary- 
butyl chloride and methylethylketone, by the Grignard reaction, in 
yields varying from 21 to 28 percent. Tertiary-butyl chloride was 
obtained from the Eastman Kodak Co., magnesium and ether from 
the Mallinckrodt Chemical Works, and methylethylketone from Eimer 
md Amend. All materials were used without further purification. 
The carbinol distilled at 74° to 76° C at 40-mm H¢g pressure. 

Methylethyl-tertiary-butylearbinol was refluxed with about 0.5 
percent of iodine, and the mixture of resulting olefins was recovered 
oy distillation, dried with calcium chloride, and refluxed with sodium 

and fractionated in a 100- by 2-cm column packed with Pyrex helices. 
Th e portion boiling from 107° to 114°C was collected, and apparently 
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contained the two isomeric compounds, 2,2,3-trimethylpentene-3 
80 percent, and 2,3,3-trimethylpentene-1, 20 percent, as found by 
Whitmore and Laughlin [1].! ’ 

The mixture of olefins was hydrogenated at a hydrogen pressure of 
2,000 Ib/in.? at 130° C in the presence of Raney nickel catalyst. The 
product was washed with concentrated sulfuric acid, water, 5-percent 
sodium bicarbonate solution, and then three times with water. It was 
then dried over calcium chloride, distilled from sodium, and fraction- 
ated in a 600- by 4-cm column packed with Pyrex helices. The total 
charge was 1,700 ml. The still was operated under total reflux unti] 
the head temperature, which was measured with a platinum-resistance 
thermometer, had become constant within 0.01° C. A fraction was 
then taken by drawing off the 78 ml of liquid in the reflux receiver, and 
the process was repeated. Distillation data and the refractive indices 
of the fractions are given in table 1. On the basis of the distillation 
data, fraction 8 was considered the purest sample of 2,2,3-trimethyl- 
pentane, and its physical constants were measured. The residue 


9 


(530 ml) was saved for future isolation of 2,3,3-trimethylpentane. 


TaBLE 1.—Fractionation data 


re : ae Boiling point | Refractive 
Reflux Head | Barometric | “4+ 760mm index at 


Fraction number 
mperature | pressure | Hg 
| | | 














ene 
Residue__._- 





APPARATUS 


A glass-stoppered Pyrex flask of somewhat over 50-ml capacity 
was used in determining density. A portion of the neck of this flask 
was constricted to 2.5-mm diameter, and a line was etched on the neck 
at the middle of this constricted portion. In making a density de- 
termination, the flask was filled above this line and placed in a bath 
maintained at a constant temperature within +0.01° C. When the 
meniscus of the liquid in the flask showed no further movement under 
& microscope, the excess liquid was removed, leaving the meniscus 4 
few tenths of a millimeter above the etched line. The neck of the 
flask was then aerated to remove liquid film, and the final adjustment 
was made, by removing liquid with a very fine capillary tube while 
observing the meniscus under a microscope. The flask was then 
removed from the bath, immersed in dry acetone, dried, and weighed. 
The liquid was then removed, the flask dried internally, and again 


1 Figures in brackets indicate the literature references at the end of this paper. 
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ighed. All weighings were made in a dry atmosphere, using cali- 
brated weights, and were corrected to vacuum. The volume of the 
di lask was similarly determined, using air-free distilled water, at 20° C 

1d at 25° C. 

“The refractive index of the material was determined on an Abbé 
refractometer (Valentine) graduated to 0.0001. This instrument was 

immediately calibrated by measuring the index of refraction of a 
stand ard sample of 2,2,4-trimethy Ipentane [2,3], the refractive index 

{ which was 1.39146 at 20° C. 

The boiling point was measured while the sample was being dis- 
tilled through a 10-inch jacketed column, the jacket being externally 
heated electrically to a temperature such that slight, and only slight, 
condensation occurred in the column. A jacket temperature about 

C below the boiling point of the sample was generally found to be 
satisfactory. A layer of asbestos and a layer of aluminum foil sur- 
rounded the heating coil, it having been found by experience to be 

cessary to eliminate external radiation. A platinum-resistance 
thermometer inserted in the column was used for the temperature 
measurements. Atmospheric pressure was measured on a Fortin- 
type barometer, graduated to 1 mm Hg, and read by vernier to 0.01 

m Hg. The ensemble was calibrated each day by measuring the 


bi oiling point of distilled water. Earlier work [3] showed that with 
this procedure the reproducibility averaged about 0.009° C. It is 
believed that subsequent improvements in technique have materially 
reduced this error. 

The freezing-point determinations were made by means of the 
apparatus described in a former paper [3], which was modified to 


facilitate control of the rate of cooling. A Pyrex tube on which had 
been wound 160 ohms of No. 32 Calido resistance wire was placed 
inside the Dewar flask, which was immersed in liquid air. The 

oltage applied to the resistance wire was controlled in the range 15 

) 30 volts by a variable transformer and was measured by a ‘volt- 
meter graduated to 0.2 volt. By this means it was possible to 
preselect accurately at—110° C any rate of temperature change from 
0.8° C per minute cooling to over 1.5° C per minute heating. ‘Tests 
have shown that with this device a cooling rate of 0.12° C per minute 
could be maintained with a deviation averaging less than 2 percent 

ind not exceeding 5 percent. Although independently devised, this 
apparatus 1s sdaallae | in principle and in performance to that described 
by Roper [5]. 

A Mueller bridge having coils maintained continuously at 35° C 
and reading directly to 0.0001 ohm was used in conjunction with the 
25-ohm platinum-resistance thermometer on both boiling- and freezing- 
point tests. Both the bridge and the thermometer were ca librated 
frequently, the latter in accordance with the procedure specified for 
the International Temperature Scale. 


IV. PHYSICAL PROPERTIES 


_ The distillation data obtained on the sample in one of the two 
boiling-point determinations, and corrected to a pressure of 7690 
im Hg, are shown in figure 1. Taking as the boiling point the 
average of the temperatures observed in readings from 20 to 80 
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Figure 1.—Distillation of purified 2,2,3-trimethylpentane. 


percent distilled, the values for the two determinations were as 
follows: 


Barometric pres- 
sure 


mm Hg 
109. 794 758. 99 
109. 451 751. 88 
The value of dT/dP was computed from the equation 
log P=A—B/T, 
the constants A and B being evaluated from the data given above. 
Figure 2 shows one of the freezing and melting curves obtained for 
1e sample of 2,2,3-trimethylpentane. Considerable uncertainty 
tl mpl f 2,2,3-trimethylpentane. Considerable uncertainty 
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Figure 2.—Freezing and melting curves of purified 2,2,3-trimethylpentane. 


exists as to the freezing point, since it was necessary to undercool the 
sample several degrees for about 1% hours before it would freeze. 
The values obtained for the freezing points were —112.36° and 
—112.38° C, and for the melting paints —112.34° and —112.31° C. 
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rafton, Ji 
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efractive-index measurements at two temperatures gave 1.40316 
at 19.38° C and 1. 40005 at 25.67° C. Density measurements were 
made at 20° C and 25° C. 

~ Properties of 2,2,3-trimethylpentane calculated where necessary 
to standard conditions are given in table 2, together with values for 
comparison taken from Egloff’s critical review [4] of the literature. 

Owing to the fact that the refractometer and the barometer were 
not calibrated when taking the data shown in table 1, the refractive- 
index and boiling-point values given in the two tables differ slightly. 


TABLE 2.—Physical properties of 2,2,3-trimethylpentane 


Boiling iT 
Reference Melting point | eg 7p 


mm Hg 


ba, Sf | y | he per deg ? 
ork ®_| —112. 32 .-| 109.843) 0.04801. 40285'1. 400038|—90 000494 0. 716170 
| “Glassy at low | 110.3 |..._..-./1. 4032 oe : . 7162 
temperatures.”’ | | 


s The uncertainty of each value is believed not to exceed a few units in the last decimal place giver 
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HEAT OF FUSION OF ICE. A REVISION 
By Nathan S. Osborne 


ABSTRACT 


[he results of measurements of the heat of fusion of ice made at the National 
Bureau of Standards and published in 1913 and 1915 have been revised by one 
{ the original experimenters, usng more recent data for the heat capacity of 
water, which is involved in the calculations. The revised value, obtained by 
weighting the results of four independent series of measurements and expressed 
in terms of the present calorimetric unit of energy, is 


333.5 INTERNATIONAL JOULES PER GRAM 


with an estimated uncertainty of 0.2 int. j/g. 


The heat of fusion of ice was determined at the National Bureau 
of Standards about twenty-five years ago [1, 2]'. The reductions of 
the observations involved the heat capacity of water, for which the 
values used were chosen from the data then available. Since more 
accurate values for the heat capacity of water are now available [3], 
the values for the heat of fusion of ice are subject to revision. It has 


been suggested that such a revision, having the benefit of the inter- 
pretation of the experimenters themselves, would be helpful by com- 
pining all of the results into a single definitive value expressed in 
terms of the present calorimetric unit of energy, the international 
° 1 

jouie. 

The value of heat capacity of water does not enter as a direct factor 
but affects parts of the calorimetric process depending on which one 
of the several methods was used in the two original investigations 
(1, 2}. This work was done at a time when it was not fully appre- 
ciated that the use of calories as heat units would complicate not only 
the original reductions but future revisions as well. For this reason 
the following description of the revisions is likely to appear compli- 
cated. 

In these two investigations three essentially different methods were 
ised. In the first investigation, published in 1913, a calorimeter with 
stirred water as the calorimetric medium was used. A controlled 
jacket permitted heat leak to be accounted for. Two series of meas- 
irements were made by the electric-heating method and one series by 
the method of mixtures. The samples of ice were precooled, so that 
initial temperatures were known and accounted for in the reductions. 
The corrections which can be made now to the data as assembled 
in tables 3 and 5 of the original paper [1] are to reevaluate the heat 
supplied to bring the ice to 0° C and to bring the water formed from 
0° C to the final temperatures of the various experiments. 


' Figures in brackets indicate the literature references at the end of this paper. 
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For the ice correction a tentative value of 0.52 cal/g-° C was taker 
at the time as an approximation to the specific heat of ice in the 
range from 0° to —3.78° C. In the second investigation, aera 
in 1915 [2], the heat capacity of ice was measured in internation; 


joules per gram degree and was finally expressed by the equation 
C,=0.5057+0.001863t caly/g-° C, 


where C, is specific heat at 1-atm pressure, ¢ is centigrade tempers. 
ture, and the calories, was taken as equal to 4.183 int. j. For use in 
the present revision, this equation is now converted back to inter. 
national joules thus 


C,=2.1153+0.00779¢ int. j/g-° C 


For recomputing the water correction, the table given in a recent 
publication by Osborne, Stimson, and Ginnings [3] is used (table 6, 
page 238). 

The heat supplied in these two series by the electric method was 
furnished by current in an electric-heating coil, and was measured by 
use of a potentiometer, a standard cell, and a standard resistor, thus 
obtaining the power, which, with the observed time, gave the heat 
added in international joules. This energy per gram of ice as origi- 
nally corrected for heat leak, temperature change of calorimeter, 
stirring energy, and heat capacity of the ice holder is given in column 
2 of tables 1 and 2, expressed in a nominal 15-degree ‘calorie of 4.187 
int. j. In column 3 these data are converted back to international 
joules per gram. The heat per gram absorbed by the melted ice, as 
revised by the new heat-ca pacity data, is given in column 4, and the 
heat absorbed by the ice from the initial temperature to 0° C is given 
incolumn 5. The corrections of —1.52 and —7.94 int. j/g for —0.72° 
and —3.78°, respectively, in tables 1 and 2 are next condind giving 
the final values for heat of fusion in column 6. 


TaBLeE 1.—Revision of table 3 (1913) 





Final tem- : mn sai i Water 0 to | Ice at —0.72 | Ice atO0to 
perature, f3 Ice at —0.72 to water at fs ts to water at0| water at 0 


Int. ilg | nt. j/ | Int. j/9 Int. j/g 
398, 3¢ 33. 334. 82 | 333. 30 
397. 4: 36 | 335. 0 | 333. 55 
396. 38 31. 18 333. 46 
401. 45 6. 37 335 333. 56 
400. 57 35. 5 | 333. 


397 52. } : | 333. 51 
397. 6 32. 5é . 333. 55 
397. 68 52. § 334. 78 333. 26 
435. 07 99. ¢ | 333. 64 
434. ¢ 5 
, : 3, 47 
401. 6. 25 | 3 9 | 33° .39 
3. 47 








Mean of group @_--- i — abesasecacid: abe 333. 48 


« In obtaining the final mean, this value was given a weight of 4. 





Heat of Fusion of Ice 


TABLE 2.—Revision of table 5 (1913 
Final tem- o Water 0 tc Ice at —0.72 | 


| Ice at —6.72 to water at t 
perature, tg Ice 8 = ‘ nici | f to water at 0 


in of group @- 


)taining the final mean, this value was given a \ 


TABLE 3.—Revision of table 4 (1913) 


| 
| H Ice at I A 
Ice at —0.72 | ( Cp(NBS) Ice at —0.72 to water Water | —0.72to | ,, pce . 
, . Jato. | 5 ¢ x , vO aver 
to water at fs (i p(HLC) /ta at ts Otols | Ww —_ at 0 
at 0 


°C | cals/g(HLC) | calis/9(NBS) | Int. 5/9 
3. 110 92. 09 | 0. 9999 92. 08 385. 35 
3. 447 96. 56 | 1. 0002 | 96. 58 404. 
2.946 | 97.05 | 1. 0002 | 97. 07 406. ‘ 
5. 994 97. 49 | 1. 0003 | 97. 52 408. 
32 | 98. 20 | 1. 0003 | 98. 23 411. 0 
28 98. 51 | 1. 0003 | 98.54 | 412. 3% 
5. 759 97. 88 | 1. 0003 97.91} 409.75 
5. 301 | 98. 21 | 1. 0003 98. 24 411.18 


Mean of groups (¢)_....---- cee a eee 


*) In obtaining the final mean, this value was given a weight of 4. 
TaBLE 4.—Revision of table 10 (1915) 


{Aneroid calorimeter] 


Water 0 to fe C | 

“A . te orrec- nner 
wanes SS) a peop | tion for | Heat of rs —_— 

tem pera- : . ice be | 1si cat OF 
ture, ty Old New New ce | gram om fusion fusion (¢) 





Int. j/9 | Int. jig | Int. ilo 
+0. 11 14 
399. +1. 67 
6993. 6 | 7035. 6 : j -. +0. 01 


(*) In obtaining the final mean, these values were given weights of 1, 1, and 2, respectively 


In revising the data obtained by the method of mixtures, given in 
table 4 of the 1913 report, the first step is to reevaluate the heat taken 
up by the ice from its initial temperature to the final temperature of 
the calorimeter. This was measured by the observed change of 
temperature of the calorimeter when the ice was added, and was 
evaluated in 15-degree calories according to the table of heat capaci- 
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ties given by H. L. Callendar [4] in 1912. These values, as original}; 
given, with corrections applied for heat lea ak, stirring energy, etc 
are shown in column 3 of table 3. In column 4 the ratio is shown of 
the heat capacity of water according to the new NBS data to the hea; 
capacity given by Callendar, at the mean temperature of the experi. 
ment, both in 15-degree calories. 

These factors are applied to the figures in column 3, giving the 
figures in column 5, which are then converted in column 6 to inter- 
national joules per gram by use of the equivalent from the NBs 
data, i. e., the heat capacity at 15° C is equal to 4.1850 int. j/g-°C. 
The secnaiadior of the revision is similar to that of table 1. 

In connection with the later investigation [2], three measurements 
of heat of fusion were made in the electrically heated heavy -copper 
calorimeter (aneroid). The main revision of these calculations is the 
revaluation of the heat taken up by the water from 0° C to ty. The 
ye and new values for the entire mass of water are given in colum: 
3 and 4 of table 4 and their differences in column 5. The correspon J. 
ing corrections per unit mass of ice are given incolumn 7. The corree- 
tions for premelting of part of the ice, as determined in the specific- 
heat measurements, are given in column 8. The sum of the two 
corrections is applied to the original value, as given in column 9, 
taken directly from column 15 of the original publication. The 
revised values are found in column 10. 

In order to deduce a single figure for the heat of fusion representin: 
an interpretation of the entire amount of experimental data, some 
relative weighting of experiments or groups must be adopted. This 
is an arbitrary choice, based on the combined judgment of two of the 
original authors. Each of the first three groups of measurements 
in the first investigation is taken as an independent unit with a relative 
weight of 4. In the second investigation the first two experiments are 
each given a weight of one and the last a weight of two. According to 
this weighting, the general weighted mean is 333.48 int. i/g. 

The revised figure can therefore be taken as 333.5 int. j/g, with an 
uncertainty of 0.2 int. j/g, which has been estimated to include both 
accidental and systematic errors. 


{1] D. R. Harper 3d, and N.S. Osborne, Latent heat of fusion of ice, H. C. Dickin- 
son, Bul. BS 10, 235 (1914) $209. 

{2] H. C. Dickinson and N. 8. Osborne, Specific heat and heat of fusion of ice, 
Bul. BS 12, 49 (1915-16) S 248. 

[3] Nathan S. Osborne, Harold F. Stimson, and Defoe C. Ginnings, eas: 
ments of heat capacity and heat of vaporization of water in the range 0° t 
100° C, J. Research NBS 23, 197 (1939) RP1228. 

[4] H. L. Callendar, On the variation of the specific heat of water with eine nts 

by a new method. Phil. Trans. Roy. Soc. (London) [A] 222, 1 (1912) 


WasuinetTon, October 17, 1939. 
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POTENTIOMETRIC METHOD FOR THE ACCURATE 
MEASUREMENT OF HYDROGEN-ION ACTIVITY 


By Walter J. Hamer and S. F. Acree 


ABSTRACT 


A potentiometric method is described for measurements of hydrogen-ion 
activities in aqueous solutions. 

Galvanic cells without liquid junctions are used. In this method hydrogen 
and silver-silver chloride electrodes are placed in solutions to which known 
amounts of either sodium or potassium chloride have been added. A detailed 
description is given of the equipment and experimental procedures which are 
necessary for precise measurements of hydrogen-ion activities. The electromotive 
force of the galvanic cell, on the average, is reproducible to 0.02 mv which is 
equivalent to 0.0003 pH unit. It is found that the electrodes function reversibly 
and exhibit no aging, hysteresis, or polarization effects. 

It is shown how the hydrogen-ion activity may be calculated from the electro- 
motive force by thermodynamic methods, using the Nernst equation, in which 
the concepts of activity and interionic attraction are incorporated. 


CONTENTS 
Page 
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il, Discussion of method..........-=.....=.- ge ee 
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. Silver-silver chloride electrodes. ............-..------------- 655 
. Thermostat and temperature regulation 
. Instruments for measuring electromotive force___-_-___ 
IV. Data illustrating precision of measurements 
V. References 


I. INTRODUCTION 


The importance of the measurement and control of hydrogen-ion 
activities in industrial, biological, and scientific work is now firmly 
established. The two principal means for determining hydrogen-ion 
activities are the potentiometric and colorimetric methods.! The 


1 The conductometric and catalytic methods are supplementary. The conductance of a solution depends 
upon the concentration and mobility of all the ions in the solution. Therefore, it is necessary to have some 
detailed knowledge of the constituents of a solution and of the properties of each before any information on 
the hydrogen- or hydroxyl-ion activity can be obtained by the conductivity method. Likewise, in the 
catalytic method, it is necessary to know whether the hydrogen or hydroxy]-ion catalyzes a reaction, and ifso, 
the relationship between the activity of the hydrogen or hydroxyl-ion and the rate of the reaction. These 
facts must be determined for every case and the method, therefore, is not a general or a fundamental one. 
In the case of other physical methods, such as the use of refractive indices of a solution, the relationship be- 
tween the hydrogen- or hydroxyl-ion activity and the physical quantity measured must also be determined 
for each special case. 

647 
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former is the basic method. In the colorimetric method, the color 
changes of an indicator must be correlated with a definite change jn 
hydrogen- ion activity, and the latter change must be determined by 
potentiometric methods. 

The potentiometric methods depend upon the use of various types 
of electrodes. Of these, the hydrogen electrode has been arbitrarily 
chosen as the standard and the potentials of all other electrodes are 
referred to its potential. It is assumed to give a correct measurement 
of hydrogen-ion activity, and has been chosen for accurate determi- 
nations of pH, which has bee on defined as the negative of the common 
logarithm of the hydrogen-ion activity ? and is so used in this paper. 

The galvanic cell which has been used for accurate determinations 
of pH and for standardization of the pH scale [1, 3, 4, 5, 6, 14] ® consists 
of a hydrogen electrode, a buffer solution, and a calomel half-cell, 
This type of cell is one with a liquid junction formed by the contact 
of the KC! solution of the calomel half-cell and the buffer solution. 

Although extensive investigations have been made and numerous 
papers have been written on the applications of this type of galvanic 
cell to the determinations of pH, considerable diversity still persists 
in the results obtained. For example, the pH of 0.05 molar potassium 
acid phthalate, most commonly employed as a standard solution 
having a definite pH value, has been reported to be 3.94 [2], 3.974 [3], 
4.005 [4], 4.008 [5], and 4.010 [6] at 25° C, the maximum difference 
i poe to 0.0042 v in the emf of the galvanic cell. The pH 

alues reported for other solutions show similar differences. Although 
fos many industrial processes the differences in pH values reported for 
potassium acid phthalate are well within the pH tolerance, these 
variations introduce misconceptions as to the accuracy and reproduci- 
bility obtainable with an individual pH assembly and are significant 
for many types of work. Furthermore, these differences indicate 
the lack of an establishment of a definite reference point on the pH 
seale or a lack of an accurate standardization of this scale. This lack 
of agreement is due in part to the use, by some workers, of the exact 
laws of thermodynamics and by others of nonthermodynamic or 
empirical methods of calculation; to differences in experimental 
technique; to the use of different values for the potential of the 
calomel half-cell; and to the use of different definitions for pH (foot- 
note 2). The lack of agreement is due in larger part to use of galvanic 
cells with liquid junctions, which introduce into the total emf a poten- 
tial whose magnitude depends upon the manner in which the junction 
is formed and can only be approximately calculated for any type of 
junction [7]. 

It is the purpose of this paper to describe an accurate potentiometric 
method for determinations of pH in which galvanic cells without liquid 
junctions are employed and to describe equipment and experimental 


1 pH has also been defined (1) as the negative of the common logarithm of the hydrogen-ion concentration, 
(2) as some value between the negative of the common logarithms of the hydrogen-ion concentration and 
activ ity, and (3) as a quantity proportional to the emf of a galvanic cell with liquid junction and termed 

“pH number” without regard to physical interpretation. It is generally believed that the hydrogen-ion 
activity is the important quantity in industrial, biological, and chemical reactions, and is, therefore, em- 
ployed in this paper as the basis for the definition of pH. These other definitions have been proposed because 
a differentiation between activity and concentration cannot be clearly made on a thermodynamic basis. 
It is, however, not a question of making this differentiation but of the degree in which it can be made, 
Sérensen and Linde rstrém- Lang, Compt. rend. trav. lab. Carlsberg, 15, 40 (1924) suggested using pax for the 
negative of the common logarithm of the hydrogen-ion activity. Although introduction of this symbol has 
some jus a ations, its use is confusing, and it appears more logical to redefine the symbol pH than to propose 
new symobdo 

3 Figures in brackets indicate the literature references at the end of this paper. 
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technique by which measurements may be made with high precision 
at temperatures from 0° to 60° C. In principle, the method is similar 
to the one employed in recent years by Harned and associates [8] in 
determinations of the thermodynamic ionization constants of weak 
electrolytes. Although galvanic cells without liquid junctions have 
been used for various purposes, they have not been used for deter- 
minations of pH values,‘ or for a standardization of the pH scale. 
Measurements are made at the different temperatures in order to 
obtain information about the variation of hydrogen-ion activity 
values with temperature. 


II. DISCUSSION OF METHOD 


A silver-silver chloride and a hydrogen electrode are placed in an 
aqueous solution, and a known amount of either sodium or potassium 
chloride is added to the solution. It is necessary to add the chloride 
so that the silver-silver chloride electrode will function reversibly and 
sive a reproducible potential. The silver-silver chloride electrode is 
chosen as the reference electrode, because it is only slightly soluble in 
most dilute solutions, is attacked by few materials, exhibits very little 
temperature hysteresis, recovers quickly from accidental concentration 
polarization, and its potential relative to the “normal hydrogen elec- 
trode” is known for a wide temperature range with a precision of about 
0.02 to 0.05 mv [9]. 

This galvanic cell without liquid junction may be represented by 


Pt | H;(g) | solution-+ NaCl(or KCl) | AgCl(s) | Ag(s), 


in which g=gas, s=solid, and the vertical lines indicate the junction 
of two phases, as in the convention adopted in the International 
Critical Tables [10]. The emf of this cell is proportional to the ac- 
tivities of the hydrogen and chloride ions and is represented for 1 
atmosphere of hydrogen pressure by the equation 

RT 


E=E°——; In (H*)(CL), (1) 


where E represents the measured emf; E° the ‘“‘normal’’ electrode 
potential of the silver-silver chloride electrode; (H*) the hydrogen-ion 
activity; (Cl~) the chloride-ion activity; and R, 7, and F' have their 
usual significance. Rearranging and converting to common loga- 
rithms gives 


(E—E°)F 

2.3026 RT 

by which the pH of the solution may be calculated, provided the ac- 
tivity of the chloride ion in solution is known. When the activity of 
the chloride ion is not known, it may be calculated by using the known 
concentrations of the solution, added chloride, and the theoretical 
equation of Debye and Hiickel [11] in the form suggested by Hiickel 
[12]. Hiickel’s equation is valid for a considerably wider range of 
concentration than is the original equation of Debye and Hiickel. 
For example, Harned and Eblers [9] have shown that the activity 
‘Guggenheim, J. Phys. Chem. 84, 1758 (1930) and Hitchcock, J. Am. Chem. Soc. 58, 855 (1936) have 

Suggested their use in determining a quantity proportional to the hydrogen-ion ‘‘concentration’’; and 


Hamer, Trans. Electrochem. Soc. 72, 45 (1937) showed how galvanic cells without liquid junctions may be 
used in routine measurements of hydrogen-ion ‘‘concentrations.”’ 


+log (Cl-)=—log (Ht)=pH, (2) 
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coefficients of HCl may be represented successfully by the Hiicke! 

equation over the concentration range of 0 to 4 molal. © The activity 

of an ion is a function of the concentration, and the ratio of the ac. 

tivity to the concentration is termed the activity coeflicient,5 repre. 
sented by fi. 

Hence the activity of the chloride ion (Cl~) is equal to the product 
of the chloride-ion concentration [Cl-] and the activity coefficient of 
the chloride ion, fco,. Hiickel [12], from theoretical considerations of 
the electrostatic forces between positive and negative ions in concen- 
trated solutions, found that the activity coefficient of an ion is given 
as a function of ‘the concentration in moles per liter by the equation 


ade —AziVp \ ; ry 
= TT Bag + OM (9) 


where A and # are general constants applying to all aqueous solutions; 
a, and £ are constants characteristic of the solution studied; p is the 
ionic strength of the solution in moles per liter and defined as half the 
sum of the concentration of each ion multiplied by the square of its 
valence, and 2, is the valence of the ion. In this method 2, always has 
a value of one, since only the activ ity coefficient of HCI, a uniunivalent 
electrolyte, is involved, as indicated in the emf equation. Substituting 
[(Cl-]fe: for (CI-) in eq 2, and eq 3 for fc gives 


(E— E") Aude . 
aap tls (Ch ]— #4 bu = —log (H*)=pH. 


1 + Ba iV ‘iu 


It is now possible by means of this equation to calculate the pH of a 
solution from the measured emf, the ionic strength, and the known 
concentration of the sodium or potassium chloride added to the 
solution.® Numerical values of #°, A and B at temperatures from 
0° to 60° C, inclusive, are given in a paper by Harned and Ehlers [9]. 
Values of a; and 8 are known for a few electrolytes and electrolytic 
mixtures. If values of a; and 6 are not known for the electrolyte or 
electrolytic mixture studied, it is well to employ solutions as dilute as 


is practical. For dilute solutions, the Ba,vu and B-yyu terms are of less 


+ The concentration of a solution may be expressed in one of three ways, namely, (1) moles of solute per 
liter of solution (volume concentration, c), (2) moles of solute per 1,000 g of solvent (molality, m), or (3) mole 
fraction=N. Corresponding to these units for the concentration of a solution there are three units for 
activity coefficients, represented, respectively, by f, vy, and f; the first two termed the practical activity 
coefficients and the last one termed the rational og af coefficient. For a relation between these, see 
Maclnnes, The Principles of Electrochemistry, chap. 6, 131 (Reinhold Publishing Corp., New York, 
1939). For illustration, only c and f will be employed in this paper. It should be pointed out that c, m, 
and N will approach the same numerical value as the solution is made more dilute. For approximate 
results, these may be used interchangeably. For precise work and for standardization purposes, the units 
of concentration should be stated clearly. 

® In this method it is assumed that sodium and potassium chloride in aqueous solutions are completely 
dissociated into ions. Ample justification of this assumption has been reported in the literature from results 
obtained from experiment and conclusions deduced from theory. See Falkenhagen, Electrolytes, translation 
by Bell, p. 51 (Claredon Press, Oxford, London, 1934), also MacInnes, The Principles of Electrochemistry, 
chap. 8. (Reinhold Publishing Corporation, New York, N. Y., 1939). It is also assumed that the activity 
coetiicient of an individual ion can be determined. Actually, only the mean activity coefficient of the ions 
of a solute can be determined experimentally. It is necessary, therefore, to make some assumption in order 
to arrive at a value for the activity coefficient of an indiv idual ion. See Macinnes, J. Am. Chem. Soc. 41, 
1086 (1919); Scatchard, J.Am. Chem. Soc. 47, 696 (1925), and Guggenheim, J. Phys. Chem. 34, 1758 (1930) for 
discussions of assumptions which may be used to calculate values of the activity coefficients of individual 
ions. Mean activity coeflicients are employed to test the Debye-Htickel equation. Therefore, the constants, 
8 and ai, are characteristic of a solute and not of individual ions. Hence, in using this equation to calculate 
the activity coefficient of an individual ion, it must be assumed that the activity coefficient of the ion is 
equal to the mean activity coefficient of a solute (in this case, HCl) composed in an of this ion. The 
hydrogen-ion activity may also be converted to hydrogen-ion concentration, using a similar assumption. 
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sienificance in the calculations of values for log fe, or pH. Hence the 
method herein described is better adapted to solutions of a concentra- 
tion of 0.1 MZ or less. For accurate work and for standardization pur- 
poses, it is necessary to know these values. They may be determined 
from studies of the thermodynamics of solutions, considerations of 
interactions of ions, or by other means, the details of which are beyond 
the scope of this paper. 

It will be noted that the method herein described may also be used 
for routine determinations of the pH of aqueous solutions of unknown 
composition. ‘The concentration of the sodium or potassium chloride 
added to the solution is employed in eq 2 instead of the activity of the 
chloride ion, in calculations of pH. Unless the solution is extremely 
acid or contains large quantities of salts, the pH thus calculated will 
be the correct value within +0.1 pH unit for most solutions. 


III. DESCRIPTION OF EQUIPMENT AND EXPERIMENTAL 
PROCEDURES 


For precise measurements of hydrogen-ion activity it is necessary 
a) that the galvanic cells be maintained at constant temperature 
within 0.02° C; (b) that the electrodes behave reversibly, or are not 
subject to appreciable polarization, overvoltage, or passivity; (c) that 
the electrodes exhibit no temperature hysteresis, do not change in 
potential with time and are not “‘poisoned”’; and (d), that the solution 
studied be as free as possible from soluble impurities, particularly 
carbon dioxide, and undergo no reduction or catalytic change by the 
electrodes, heat, light, or other conditions to which they are exposed. 
When these conditions are attained, the galvanic cell is said to be in 
a state of equilibrium. For the hydrogen electrode, it is essential 
that the hydrogen gas and solutions contain no oxygen and be in 
gaseous and vapor equilibrium, and that a good surface for adsorption 
of hydrogen gas be used in its construction. 

Descriptions of equipment and experimental procedures which have 
been used for precise measurements of the galvanic cell described 
above are given in the following sections. 


1. ASSEMBLY OF EQUIPMENT 


Figure 1 is a schematic diagram of the principal parts of the assem- 
bly of the cell designed for precise measurements without liquid 
junction. The cell and bubble tube are designed (1) so that they may 
be filled in the absence of air and will exclude air, (2) so that different 
solutions may be studied under similar conditions which may be easily 
and accurately reproduced, and (3) so that they may be conveniently 
filled with solution and drained and cleaned after a series of measure- 
ments. 

The Pyrex-glass cell, AB, of about 140-ml capacity, has a compart- 
ment, A, for the silver-silver chloride electrodes and a compartment, 
B, for the hydrogen electrodes. ‘The electrodes are supported in rubber 
stoppers inserted in the openings of the compartments. In all meas- 
urements two pairs of electrodes are employed in the solution. Elec- 
trodes which do not agree better than 0.05 mv are not considered to be 
functioning properly. The hydrogen inlet tube of compartment B is 

192170—39——2 
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sealed to the outlet tube of a Pyrex-glass bubble tube, D, of abou; 
40-ml capacity, which consists of an outer glass tube and an inner glas 
rod around which is sealed a glass spiral of six turns. The bubble 
tube serves to equilibrate the hydrogen gas with water vapor prior to 
its entrance into the solution in compartment B, thus preventing 
changes in the concentration of the solution and errors in the emf 
The efficiency of the bubble tube was tested by filling it with distilled 
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Figure 1.—Schematic diagram of principal parts of apparatus employed for 
accurate measurements of hydrogen-ion activities in solutions. 


water and passing hydrogen through it and then through 50 g of water 
contained in a weighed Erlenmeyer flask completely immersed in a 
constant-temperature bath. After 10 hours of flow, no change in the 
weight of the water in the flask was found. Stopcock C is inserted 
between the bubble tube and compartment B to aid in filling the cell 
and bubble tube with solution. The cell and bubble tube are installed 
in the thermostat, P, as indicated schematically in figure 1, and, in 
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FigurE 2.—Assembly of 10 cells and 10 hydrogen-gas bubble tubes in a water ther- 
mostat and the interior arrangement of the water thermostat. 
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FIGURE 3.—Complete apparatus, including the drainage flasks, vacuum line ¢ 
pump, shielded emf leads, vacuum-tube-relay box, supports for the solution fla 
/ Ps , , , pports , : 
and accessories employed in the accurate measurements of hydrogen-ion actit 


in solutions. 
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goure 2, with the drainage tubes, R and S, protruding through rubber 

pan ers inserted into }-in. holes in the bottom of the thermostat. 

The hydrogen inlet tube is sealed to a glass manifold, F, through 
hich the hydrogen gas enters the apparatus. Stopcock G is inserted 

hetwee n the manifold and the bubble tube to aid in regulating the 
te of flow of the gas. 

T The tube leading from the rear of compartment B to flask J, con- 
‘aining the solution to be studied, serves two purposes: (1) To convey 
‘he solution from flask J to A, B, and D when stopcock E is in the 
position shown, and (2) as the outlet tube for hydrogen gas from B 
chen stopcock E is turned through an angle of 180°. This tube is 
connected to the delivery tube of flask J by rubber tubing. The 
hydroge n outlet tube and stopcock EF are nearly completely immersed 
‘, the bath to prevent water condensing in them and running back 
into the cell, which would dilute the solution and cause errors in the 
emf mes asurements. A rubber tube extending over the edge of the 
thermostat is connected to the hydrogen outlet tube at position X. 

Ba apparatus is a single glass unit from stopcock @ to stopcock K 

nd to stopeocks M and N, except for the small portion of rubber 

bing joining flask J to the apparatus proper. All stopcocks are 
¢ deaned and greased before each series of measurements. Stopcock 
(isin the bath to prevent condensation of water vapor from the hydro- 
gen gas as it passes from the bubble tube to the cell. The tube bearing 
the stopcock has a 5° slope toward the bubble tube, so that if any 
water does leak through the stopcock from the thermostat it will 
drain into the bubble tube and not the cell. 

Ten assemblies’ of this type are mounted in the thermostat shown 
in figure 2. They are supplied simultaneously with hydrogen from 
ceylinder through the manifold, F. The 3 inches of capillary tubing 
inserted between manifold F and stopcock @ aid in equalizing the 
flow of hydrogen gas in the 10 assemblies. The tubes R and S of each 
sembly are connected to a drainage flask, 7, shown in figure 3. 
The apparatus and the drainage flask are evacuated by means of a 
Hyvac pump, U, shown at the left in figure 3, which is protected from 

water vapor by a glass tower containing calcium chloride and a 
second tower filled with potassium hydroxide sticks. The pressure 
is indicated by a mercury manometer inserted between the glass 
towers and the pump. The apparatus when dry can be evacuated 
toa pressure of about 0.1 mm of mercury and has been found to hold 
this pressure overnight. 


2. PROCEDURE FOR FILLING CELLS AND BUBBLE TUBES 


The apparatus is rinsed and filled with solution in the absence of 
air as follows. Immediately after the rubber stoppers supporting 
the electrodes are inserted into compartments A and B, the entire 
apparatus from stopcock G to stopcock K is evacuated through stop- 
cocks M and N. The stopcocks are then closed and the apparatus 
gradually filled with hydrogen by opening stopcock G. This pro- 
cedure of evacuating and filling the apparatus with hydrogen is 
roneated twice and the apparatus finallv evacuated. Stopeock K is 
then opened slightly and the apparatus filled with solution, hydrogen 


'The six cells shown on the left in figures 2 and 3 are designed for studies of galvanic cells with liquid 
junctions, the’details of which will not be considered in this paper. 
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gas being admitted through stopcock L to flask J to maintain constay; 
pressure within it and to avoid contamination of the solution wit) 
air and carbon dioxide. The solution is allowed to remain in the 
apparatus from 15 to 20 minutes in order to wash it and the electrode: 
thoroughly. The apparatus is then drained through M and N }y 
evacuation and simultaneously filled with hydrogen, reevacuated 
and refilled with solution. This second solution is also kept in the 
apparatus for 15 to 20 minutes and then withdrawn as aboye 
Finally, the apparatus is evacuated for a third time and completely 
filled with solution. For efficient flow of the hydrogen, part of the 
solution in the bubble tube is forced out through stopcock N by 
means of hydrogen. Since the hydrogen electrode functions bes 
when only partially immersed in solution and the gas must escape 
through stopcock EF, part of the solution in compartment B is likewise 
forced out through stopcock M by hydrogen. The flow of hydroger, 
is then regulated at a rate of about two bubbles per second. The ga; 
passes around the spiral in the bubble tube and over the hydroger 
electrodesin compartment B and escapes throughstopcock EFand tube Y 


3. PREPARATION OF SOLUTIONS 


Conductivity water employed for the preparation of all solutions 
is obtained by oxidation of the organic matter in distilled water with 
alkaline permanganate, distillation in an all-glass still, and subse- 
quent redistillation in a tin still [13]. The specific conductance of 
the water in the present work was 1.0 X 107® mho. Dissolved air 
and carbon dioxide are then removed by boiling the water under 
reduced pressure for 3 to 4 hours and by cooling it in a steady stream 
of hydrogen gas. This water is then stored under an atmosphere of 
hydrogen. The dissolved gases in the solutions studied are also 
removed by boiling them under reduced pressure and then cooling 
them in a stream of hydrogen gas. For those solutions which de- 
compose when heated, even under reduced pressure, the dissolved 
gases are removed by bubbling hydrogen through the solution st 
room temperature for 2 to 3 hours. In all cases, corrections for loss 
of water from the solutions by evaporation during these operations 
are made by determining the weight of the solutions before and after 
deaeration. Purified salts are always used in preparations of the 
solutions. Weighings are made in a constant temperature room 
(25°+0.2° C) of about 50-percent relative humidity. All weights 
are corrected to the “vacuum” basis. The weights used were 
calibrated by the Mass Section of the Bureau. 


4. HYDROGEN ELECTRODES AND PURIFICATION OF 
HYDROGEN GAS 


The bases of the hydrogen electrodes are constructed of platinum 
foil (10 by 15 by 0.2 mm) welded to a platinum wire sealed in the end 
of a glass tube. The foil is cleaned for about 3 minutes in aque 
regia diluted with an equal volume of water and washed in distilled 
water. A chloroplatinic acid solution is prepared by dissolving 3 ¢ 
of platinum in aqua regia, evaporating it to dryness on a water bath, 
moistening the residue with concentrated hydrochloric acid, reevapo- 
rating and dissolving the residue in 100 ml of 0.25 N hydrochloric 
acid. One milliliter of 5-percent lead acetate solution is added. 
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The solution must be perfectly clear. The foil is then plated with 
, thin coat of platinum black by electrolysis in the chloroplatinic 
acid solution for three minutes at a current density of 250 ma per 
em? of electrode surface. After the electrodes are coated with plati- 
num black they are thoroughly washed and stored in distilled water. 
Newly plated electrodes are always used for each experiment. They 
are not previously saturated with hydrogen gas by electrolysis in 
sulfuric acid, as 1s often done in practice, since in the procedure 
described above, they are dried by evacuation, thus making an 
presaturation valueless. Furthermore, Loomis and Acree [14] found 
that it was unnecessary to saturate a hydrogen electrode in this way. 
Possible changes in the pH of dilute solutions by contamination with 

SO, from the sponge are also avoided. Electrodes prepared in 
his manner have been found to be reproducible and to function 
eversibly within 0.02 mv, when used in solutions which are not 
reduced by the hydrogen electrode. The preparation of electrodes 
for use in solutions which may be reduced by the hydrogen electrode 
is not considered in this paper. 

Commercial electrolytic hydrogen gas stored in cylinders is used 
for the hydrogen electrodes and degeration of the solutions. It is 
important that the last traces of oxygen be removed from the hydrogen 
cas. MacInnes and Cowperthwaite [15] observed differences as large 
as 50 mv between the potentials of two hydrogen electrodes when 
commercial hydrogen gas is used without purification. Lorch [16] 
showed that 0.92 percent of oxygen in hydrogen gas will cause a 
chemical polarization of the hydrogen electrode displacing the po- 
tential 0.78 mv from the equilibrium value. The hydrogen gas is 
therefore purified by passing it through a soda-lime scrubber to remove 
carbon dioxide, through a Chamberland filter to remove soda-lime 
dust, and finally over palladinized asbestos contained in a Pyrex- 
class tube, 30 cm in length and 1 cm in diameter, heated to 220° C 
to remove oxygen, as recommended by Loomis and Acree [14]. It is 
conducted to manifold F (fig. 1) through a copper tube of 0.5-mm bore. 
The tube is joined to the manifold with de Khotinsky cement. 


l 


5. SILVER-SILVER CHLORIDE ELECTRODES 


Several types of silver-silver chloride electrodes are in common 
use. They are the electrolytic, thermal-electrolytic, and thermal 
types. Smith and Taylor have recently shown that if sufficient time 
is allowed, all three types will give the same potential within 0.02 mv 
with respect to the same solution containing chloride ion and that 
the thermal-electrolytic type attains a state of equilibrium sooner 
than the other two types. Since the thermal-electrolytic type may 
be more easily prepared in a state of high purity than the other 
two,8 and because its potential relative to the ‘normal hydrogen 
electrode” is accurately known, it was used in this work. It is con- 
sidered the best type for use in precise measurements. 

The method of preparation proposed by Harned [18] was followed 
with slight modifications. The base of the silver-silver chioride 
electrode consists of a helix (4 turns) of platinum wire of about 0.3-mm 


'In the preparation of the electrolytic type, the silver is deposited by electrolysis from a solution of potas- 
sium silver cyanide and complete removal of the cyanide is bothersome. In the thermal type, silver-oxide 
and silver-chlorate pastes are heated In an oven at 700° C, and care must be taken to avoid explosions, 
Furthermore, it is difficult to ascertain if all the silver chlorate has been reduced to silver chloride. 
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diameter. A glass tube sealed to the helix serves as the electrode 
support. Silver-oxide paste is prepared from hot solutions of silye; 
nitrate and sodium hydroxide, thoroughly washed in distilled water 
inserted in the helix, and is then converted to metallic silver by heatine 
to 450° C in an electric furnace. The helix with the metallic silver j: 
then cooled, and the silver partially converted to silver chloride }y 
electrolysis in a normal solution of purified hydrochloric acid for > 
hours at a current density of 8 ma per cm? of electrode surface. 

Giintelberg [19] observed that traces of bromide ion produce ap. 
preciable changes in the potential of silver-silver chloride electrodes. 
For example, he found that the equilibrium potential for the silver. 
silver chloride electrode in a solution of 0.0968 M KCl, 0.001 ¥ 
PbCl, and 0.002 AZ HCl was lowered 0.53 mv and 2.68 mv by the 
addition, respectively, of 0.01 mole percent and 0.05 mole percent of 
KBr. The hydrochloric acid used in the preparation of the silver- 
silver chloride electrodes was prepared by the method of Brunel and 
Acree [20], which should give a solution of hydrochloric acid contain- 
ing no bromide ion. Hydrogen chloride gas, generated in a Kipp 
generator by the action of concentrated sulfuric acid on pure fused 
ammonium chloride, is passed into conductivity water. After leay- 
ing the generator, the gas is passed at a rate of two bubbles per second 
through a wash bottle containing concentrated sulfuric acid. The 
hydrochloric acid was tested for sulfate ion and the test was negative. 

The electrodes are about 7 mm in diameter. They are thoroughly 
washed and soaked overnight in distilled water, before being used in 
experiments. Smith and Taylor find that electrodes should be aged 
in the solution to be studied to prevent concentration polarization 
(due to differences between the concentration in the pores of the 
electrode and the bulk solution) which may produce errors of the order 
of 0.1 mv in the emf if the electrodes are used prior to 10 hours of 
aging. It will be evident from the data given in table 1 that soaking 
the electrodes overnight in distilled water and the procedure of evacua- 
tion described above greatly reduce, if they do not entirely eliminate 
the concentration difference which gives rise to polarization. 


6. THERMOSTAT AND TEMPERATURE REGULATION 


The thermostat shown in figures 2 and 3 consists, in part, of a 
thermally insulated copper tank, 16 by 36 by 24 inches, filled with 
water. It is supported 16 inches above the floor, as shown in figure 
3. The temperature of the water is controlled by means of a mercury 
regulator, V, (fig. 2), sensitive to 0.001°C. It is included in an electric 
circuit with a vacuum tube, a light-duty relay, and a heavy-duty 
relay, housed in a metal box, Y (fig. 3), and a 1,500-watt immersion 
heater on the bottom of the bath. The mercury regulator was 
designed so that it can be adjusted quickly for use at temperatures 
from 0° to 60° C, or higher. A cross section is shown in figure 4. 
While the temperature of the bath is being raised or lowered, the 
eround-glass stopper, A, is lifted from its seat, so that the mercury 
remains at approximately the same level in bulb, B, and capillary 
tube, C. The stopper is seated when the desired temperature 1s 
reached and is held in place by rubber bands. The fixed terminal, D, 
and the adjustable terminal, Z, are both of platinum wire. A glass 
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bead, F,is sealed on the platinum wire used in the capillary tube to 
keep the wire in position. 

The temperature of the bath is measured by means of a ther- 
mometer, graduated in takin of a degree from —10° to 102° C, 
calibrated by the Thermometry Section 
of the National Bureau of Standards. 
The ice point is redetermined at frequent 
intervals. ‘The temperature of the bath 
was constant to about 0.01° C at all the 
temperatures employed. For tempera- 
tures below that of the room, the bath is 
cooled by means of a ¥-hp ‘refri igerator 
unit with 10 coils of } -inch copper tubing 
serving as the expansion coil placed at 
the inside wall of the bath (fig. 2). To 
control the temperature of the bath at or 
below room temperature, the refrigerator 
is operated continuously and heat sup- 
plied by electric immersion heaters and 
the temperature regulated in the same 
manner as for higher temperatures. The 
water of the bath is stirred by means of a 
i0-inch, 6-blade propeller, making 108 
rpm, driv en by a motor, W, (fig. 2), with 
built-in reduction gear. The effective- 
ness of the stirring was tested by explor- 
ing the bath at 0° and 25° C with a 
Beckmano thermometer. ‘The tempera- 
ture was found to be uniform within 
+0.002° C. Two auxiliary 1,000-watt 
immersion heaters are employed independ- 
ently of the vacuum tube-relay circuit 
so that rapid demtane in the temperature 
of the bath may be made when desired. 
Other features of the thermostat and 
assembly, such as the manner in which 
the solution flasks are held in position 
and the support for the tubes leading 
from the flasks to the cells, are shown in 
figures 2 and 3. 


. INSTRUMENTS FOR MEASURING 
ELECTROMOTIVE FORCE — 
Figure 4.—Cross section of the 
The measurements of the emf of the ™ereury regulator for control of 
galvanic cells are made with a Leeds aera CI i= ga 

«& Northrup type K potentiometer, cali- 

brated by the Resistance Measurements Section of the Bureau, with a 
Leeds & Northrup type # galvanometer and an unsaturated Weston 
cell. Contact between the potentiometer leads and all electrodes is 
made with mercury contained in the electrode supports. 
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IV. DATA ILLUSTRATING PRECISION OF 
MEASUREMENTS 


To illustrate the reproducibility of the results and the precisio, 
obtainable, two assemblies were filled with the same solution (table | 
at 25° C, cooled to 0° C, and the emf recorded at intervals unt] 
constant readings of the emf or equilibria of the cells were attained 
After the measurements of the emf at 0° C were recorded, the temper. 
ature of the bath was raised from 0° to 60° C in 5-degree steps an¢ 
measurements of the emf made at each temperature. In each cell 
two silver-silver chloride electrodes, Nos. 1 and 2 (fig. 1) and two 
hydrogen electrodes, Nos. 3 and 4, were employed, thus making pos- 
sible measurements of six pairs of electrodes and a total of four checks 
on the emf of the cell. 

Illustrative data are given in table 1 for a galvanic cell containing y 
solution of malonate salts and sodium chloride.® ‘These emf values 
have been corrected to 1 atmosphere of hydrogen pressure in the usual] 
manner by means of the equation [21] 


2.3026RT 


760 





AE= 


2F log (Po—De) 


in which AE is the correction to be applied to the measured emf; p,, 
the observed barometric pressure in millimeters of mercury at 0° C: 
and p,, the vapor pressure of the solution in millimeters of mercury. 
The vapor pressure of pure water was used for p, in this work and ma} 
be used for dilute solutions with negligible error. The vapor pressures 
of pure water used for the various temperatures were those obtained 
in this Bureau by Osborne, Stimson, and Ginnings |22]. 

In column 1 of table 1, the time in minutes after the flow of hydrogen 
gas was started is given for 0° C. For the other temperatures, the 
time refers to the interval after the temperature of the bath had been 
changed. Inspection of this table shows that approximately 4 hours 
is required at 0° C before equilibrium of the cells is attained and 
that after a change in temperature only half an hour or less is required. 
The lag at 0° C 1s due primarily to the time required to saturate the 
hydrogen electrodes with hydrogen. At the other temperatures it 
is due primarily to the time required to obtain constant temperature 
within the cells. Columns 3 and 4 give the values of the emf of thie 
galvanic cell, using different pairs of hydrogen and _ silver-silver 
chloride electrodes for cell 1; and columns 7 and 8 give similar data 
for cell 2. The average of the four readings is given in column 11. 
In columns 12 and 13, the maximum and average deviations of the 
individual emf from the average, respectively, are given. The maxi- 
mum deviation ranges from 0.02 to 0.04 mv for different cells, which 
is equivalent, respectively to 0.0004 and to 0.0007 pH unit at 25° C. 
The average deviation is between 0.01 and 0.02 mv, equivalent, 
respectively, to 0.0002 and 0.0004 pH unit at 25° C. Further inspec- 
tion of the data of this table shows that the emf obtained for cell | 
is in close agreement with the emf obtained for cell 2, thus affording 
a good check upon the reproducibility of the results obtained with the 
method employed in filling the cells and in preparing the electrodes. 

* Acknowledgment is made to John O. Burton, formerly of this !Bureau’and now Chief Research Engineer 
of the Minnesota and Ontario Paper Co., International Falls, Minn., for the purification of the malonic acid, 


hydrochloric acid, and sodium hydroxide used in the preparation of these solutions and for aid in obtaining 
some of the data. 
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After the final measurements of the emf were made at 60° C, the 
temperature of the bath was lowered to 45° C in order to learn whether 
he emf of the vells would agree with the first values obtained at 
45° C and to determine if there was a temperature hysteresis. The 
value of 652.87 mv agrees closely with the 652.84 mv value previously 
tained. The bath was then cooled to 25° C to obtain a further 
heck. The value of 635.44 mv agrees closely with the 635.40 my 
per nen previously obtained at 25° C. Data obtained at duplicate 
temperatures generally agree to withes 0.04 mv, showing that proper 
equilibria can be obtained at all the temperatures; and that the 
electrodes function properly and exhibit no temperature hysteresis or 
ag iz effects. Inspection of the data of table 1 shows that a change 
of 0.01° C produces a change of about 0.009 mv in the emf, which is 
slightly less than the experimental error of the electrical measurements. 
In columns 5 and 9 the differences observed i in the potential between 
the two silver-silver chloride electrodes are given. It will be seen 
that this difference is only 0.01 to 0.03 mv at equilibrium. Similar 
\bservations with hydrogen electrodes are given in columns 6 and 10. 
These data also show that the electrodes exhibit no appreciable 
temperature hysteresis. Furthermore, no aging effects were observed 
over a period of 15 hours, which is the time that elapsed between the 
first, and second set of readings at 25° C. The differences between 
duplicate electrodes account almost entirely for the deviations found 
for the emf of the galvanic cells, indicating that the method of filling 
the cells and making the measurements is better than stated above 
and that the limiting factor is the reproducibility of the electrodes. 
Similar precision was obtained for other galvanic cells containing 
aqueous solutions of various concentrations of malonate salts [23] 
and solutions prepared from other organic aliphatic materials. 
Only estimates can be made of the accuracy obtainable by the 
method and procedures described in this paper. The uncertainty in 
£° is estimated as 0.05 mv from a consideration of the work of Harned 
and Ehlers [9]. On the basis of an uncertainty of 0.1 percent in the 
dielectric constant of water !° and the uncertainties in R, 7, F, «, 
and k given by Wensel [24], the uncertainties in 2.3026RT7/F, A, and 
B are respectively, 0.02 mv, 0.003, and 0.001 reciprocal angstrom. 
The uncertainty in the concentration is taken as 0.1 percent, even 
though, in many cases, it may be only 0.01 percent. An error of 
0.05 mv in H® and an error of 0.02 mv in 2.3026RT/F are equivalent, 
respectively, to errors of 0.0008 and 0.0006 pH unit. An error of 
0.003 in A at 25° C, combined with an error of 0.001 reciprocal 
angstrom in B, produces an error of 0.0012 pH unit at a concentration 
of 1 molar and an error of about 0.0003 pH unit at 0.01 molar—a 
value of 3 angstroms was used for a; in these calculations. Finally, 
an error of 0.1 percent in the concentration at 1 molar results in an 
error of only 0.0005 pH unit. The experimental error in £ is less 
than half the uncertainty which has been assigned to H°, while the 
error in t is of the same order as the uncertainty in 7). 


‘0 The general constants A and B used in eq 4 are defined by 


pra 
Aus _ V DE — (ia) 


4.66 O52 k(t ) 
Re 6 2D a0 4, 


where ¢ is the electronic charge, N the bie number, D the dielectric constant of water, k the Boltz- 
mann constant, t the centigrade temperature, and 7 the Kelvin temperature of the ice point. 
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It is not possible to give values of the hydrogen-ion activity of 
solution here employ ed until values of a, and B are known for Hi 
solutions containing malonate salts. However, it has been found « 
that 8 has a value of zero for this solution, and that a; has a value: 
4.99, 4.82, 4.75, 4.29, and 3.76 A for the temperatures of 0°, 20°, 258 
45°, and 60° C, respectively. In column 14 of table 1, the DH Value 
obtained by using these constants and the values of R, 2; hin F 
reported by Wensel [24] are given. In column 15, the PH. values 
obtained on the assumption that both a; and 8 are zero are listed. |; 
is evident from comparison of these two sets of values, that for this 
solution, the two sets of pH values differ by a constant amount o; 
about 0.07 pH unit, which is small for routine measurements. How- 
ever, for standardization purposes, this difference emphasizes the need 
for accurate evaluation of the constants a, and B. 

A consideration of the various sources of error and the fact t 
the uncertainties were assigned magnitudes which the actual erroys 
are not likely to exceed lead to the conclusion that pH measurements 
can be made with an accuracy of about 0.001 pH unit. 
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RETENTION OF ALUMINUM ION AND HYDROGEN ION 
IN PAPERS 
By Herbert F. Launer 


ABSTRACT 


The decrease in pH, observed when paper-water mixtures are heated and then 
cooled, was found to be ascribable to the increased hydrolysis of the aluminum 
salts in the papers. Studies of fiber-alum-water mixtures showed that aluminum 
ion is selectively retained by the fibers, and that the amount of aluminum salts in 
papers is thus much larger than that calculated solely from the concentrations 
involved in the manufacture of papers. It was found that the fibers raise the pH 
f alum solutions to which they have been added by an amount which is character- 
istic of the type of fiber and of the concentration of the alum, aluminum sulfate. 
It is also shown that the change in pH upon heating such mixtures is likewise de- 
termined by the type of fiber and the concentration of the alum. Hydrogen ion is 
also strongly retained by fibers in an amount shown to be unchanged after heating 
and cooling. The effect of rosin upon pH relationships in papers is also discussed. 
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I. INTRODUCTION 


In a recent publication ' dealing with the determination of the pH 
values of papers by the method of cold extraction, it was found that 
these values were usually higher, by 0.6 pH, on the average, than those 
obtained when extraction was made at 100° C, as in the TAPPI? 
standard method. An explanation for the cause of this difference was 
not given at that time, as the main efforts were devoted to finding 
whether the simpler method of cold extraction was preferable from a 
practical standpoint. In the present article a study of the under- 
lying causes of this difference is presented. 

Investigators have previously studied the effects of hot extraction. 
Browning and Ulm ? have shown that hot extraction gives lower pH 
values than cold extraction and ascribe this in part to the increased 

‘Herbert F. Launer, The determinction of the pH value of papers, J. Research NBS 22, 553 (1939) RP1205. 
‘Technical Associatiun of the Pulp and Paper Industry—T435m, Hydrogen ion concentration (pH) of 
paper sae September 6, 1934. Copies may be obtained from the Association, 122 Kast 42d Street, New 
'B. L. Browning and R. W. K. Ulm, Paper Trade J. 102, 89 (Feb. 20, 1936). 
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hydrolysis of alum, Al, (SO,4)2.18H,O, added in the course of pape. 
making. Kullgren * found that the hydrolysis of AICI; in a 0.002 y 
solution increased tenfold upon raising the temperature from 25° 4, 
100° C. Furthermore, Heyrovsky ° found that the reversal of th; 
hydrolysis reaction takes place slowly, and that AICl;, the hydrolysis 
of which had been increased by heating, remained in that conditio; 
long after cooling. 

In discussing another possible explanation of the effect of heatine 
Browning and Ulm point out the possibility that sulfuric acid, whic) 
arises from the hydrolysis of alum, and which acid they assume js 
adsorbed by the fibers in the cold, may be released upon heating. 
thus lowering the pH. It has not yet been conclusively shown, hovw- 
ever, that sulfuric acid is adsorbed under the conditions of extraction. 
that is, under the same conditions of concentration and temperature. 
They also give titration curves which show that weak organic acids 
are present in the extract. No evidence has been presented, however, 
as to what extent organic acids formed during the hot extraction con- 
tribute to the measured pH. Since the pH may be affected by libera- 
tion of adsorbed sulfuric acid, if any, or formation of organic acids, 
or both, by heating, it is necessary to determine the magnitude of 
these effects before dealing with any other possible effects of heating, 

Furthermore, Browning and Ulm observed that a solution of alum 
did not change in pH upon heating when sulfite fibers were present, 
although large pH changes occurred in the absence of the fibers. 
This points to a complexity which is greater than the behavior of 
simple alum solutions, and an explanation for this apparent dis- 
crepancy is offered herein. 

Finally, it is important to decide whether the amount of hydrolyz- 
able aluminum salt in the finished paper is simply the amount in the 
paper-machine solution held by the fibers (1 g of fibers holds 1.5 ¢ 
of paper-machine solution before entering the machine dryers), or 
whether the amount of aluminum is actually much larger than this, 
by virtue of its selective retention by the fibers in the beater and chest. 

It was believed that a study of these points would not only provide 
a fundamental basis for choosing between the two methods of extrac- 
tion, but would also add to existing information concerning the 
chemistry of paper. 


II. RELATIONSHIP BETWEEN CHANGES IN pH BY HOT 
EXTRACTION AND AMOUNTS OF ALUM USED IN PAPER 
MANUFACTURE 


For the sake of clarity, a part of the experimental results presented 
in the previous publication (see footnote 1) is shown in table 1. As 
was previously pointed out, the similarity of changes in pH, column 
7, is misleading in that it shows little with regard to acidity changes. 
When these are expressed as changes in hydrogen-ion concentration, 
column 8, the correlation with the amounts of alum, column 4, indi- 
cates strongly that the acidity changes occurring upon heating the 
paper-water extracts are dependent upon the amounts of alum used 
in making the papers, except for smaller effects such as amount of 
alkaline rosin size and type of fiber. This correlation and the factors 
affecting it were discussed in the previous publication. 


4 Carl Kullgren, Z. physik. Chem. 85, 466 (1913). 
§ Jaroslav Heyrovsky, J. Chem. Soc. 117, 11, 29 (1920). 
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T,pLE 1.—Relations between the acidity values and other characteristics of the papers 
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* These papers were made in the paper mill of the National Bureau of Standards. 

» Percentage of alum was based on dry weight of solid materials in the chest. 

e These papers contained no clay, all others listed contained 8 to 13 percent of clay. 
4 Pulps subjected to special purifying process by the manufacturers. 


III. EFFECT OF ACIDS FROM SOURCES OTHER THAN 
HYDROLYSIS OF ALUMINUM SALTS 


The correlation between the amounts of alum and the change in 
acidity upon heating may be interpreted in another manner—namely, 
that the amounts of any organic acids from cellulose, produced during 
heating by the action of the hydrogen ion resulting from hydrolysis, 
may increase with increasing proportions of alum. Although any 
organic acids produced would probably be weak, and their ionization 
would, therefore, as Browning and Ulm point out, be repressed by the 
strong acid, it has not yet been shown conclusively that they do not 
contribute to the measured pH when papers are extracted by heating. 

The possibility must also be considered that hydrogen-ion retained 
by the fibers in the cold may be released during heating, since it will 
be shown that fibers extensively reduce the acidity of hydrolyzed alum 
solutions. 

These points were investigated® as follows. A solution of alum 
having a pH=4.7, containing 0.0031 g per 70 ml, was heated as in the 


* The experimental technique was the same as that previously described. See footnote 1. 
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method of hot extraction for 1 hour at 100° C. Upon cooling, the pH 
was found to be 3.7. Continued heating produced no further appre. 
ciable change in pH. To 70-ml portions of this hydrolyzed aly 
solution 1-¢ portions of fibers from samples 11, 22, 28, and 32 wer 
added; and after 1 hour at room temperature, the pH of the mixtyre: 
was determined. The pH in every case was found to be much highe; 
after than before the addition of the fibers to the previously heate, 
solution, which showed that extensive decreases in the concentration of 
hydrogenion had occurred. The results are given in table 2, column? 
It should be pointed out that this hydrolyzed alum solution remained 
at pH=3.7 for several days when no fibers were added. Samples 11. 
22, 28, and 32 were in the neutral region, as shown by the values for 
pH-cold in column 5, table 1. 


TaBLE 2.—The behavior of a previously heated alum solution in the presence of 
neutral paper fibers 


pHs of mixtures of 1 ¢ of fibers 
with 70 ml of previously heated 
alum solution (0.0031 g of alum 
per 70 ml). pH beforeaddition 
of fibers=3.7.» 





Before heating | After heating 
the mixtures the mixtures 











he 6 | 
22. Soda sulfite_._.__-- : 5.2 
28. Special sulfite__._.._. ; : a 


4 
5 
: | 4 
32. Bleached sulfate _. whe ; ses : " 5.0 | 5 


f 


* All pH measurements were made at 25° C. 

» This solution had a pH=4.7 before heating, and was further hydrolyzed to pH=3.7 by heating for 
hour at 106° C, after which further heating caused no appreciable change in pH. 

¢ The numbers are the same as in table 1, in which the samples are more fully described. 


The four mixtures cf hydrolyzed alum solution and fibers were ther 
heated for 1 hour at 100° C, cooled, and their pH values determined 
The results, listed in column 3 of table 2, reveal that little or no change 
in pH had occurred upon heating. Thus, since the hydrolyzed alum 
solution was known to contain relatively large amounts of hydrogen 
ion, as shown by the pH =3.7, and since the fibers added were found to 
remove relatively large quantities of hydrogen ion from solution, the 
fact that subsequent heating of these mixtures resulted in no decrease 
in pH shows that no appreciable hydrogen ion was released by the 
fibers during the process. It appears, therefore, that such a release 
of hydrogen ion, if it occurs, cannot explain the pH changes en- 
countered in the method of hot extraction. 

Although the mixtures of hydrolyzed alum solution and fibers were 
even more acidic than usual, these higher concentrations of strong 
acid were not effective in producing organic acids during the heating 
process in amounts large enough to affect the measured pH appreciably. 


IV. BEHAVIOR OF ALUM SOLUTIONS IN THE PRESENCE 
OF FIBERS 


Although the simple fact that alum solutions undergo decreases in 
pH upon heating makes it appear reasonable that the alum used in 
the manufacture of paper is responsible for the observed pH changes 
cecurring when paper-water mixtures are heated, it remains to be 





os > 0 
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shown that pH changes of the expected order of magnitude occur in 
alum solutions when fibers are present. 

That the presence of fibers affects the hydrolytic process is shown 
by the following. From the details of a typical papermaking run,’ for 
example, paper 13, table 1, in which 2.1 percent of alum was used, it 
can be calculated that 1 g of this finished paper would contain aluminum 
corresponding to 0.00091 g of alum, if selective retention of aluminum 
ion by the fibers in the beater and chest were neglected. The pH- 
cold of a mixture of 1 g of paper sample 13 with 70 ml of distilled water 
was 4.9, and the pH changed to 4.3 upon heating. When, however, 
|-¢ portions of sample 22, containing the same fibers as paper 13, and 
samples 11, 28, and 32 (all largely free of alum) were added to 70-ml 
portions of distilled water containing 0.00091 g of alum, the pH of the 
mixtures was much higher than 4.9 and the change in pH, if any, 
upon heating was small. In the absence of fibers, an alum solution 
containing 0.00091 g per 70 ml changed in pH from 4.9 to 4.1 upon 
heating. These results, given in table 3, columns 2 and 3, and foot- 
note a, indicate that the reactions involved in the pH changes upon 
heating alum solutions differ in the presence and absence of fibers. 
The results also indicate that the paper-water mixtures of table 1 
behaved differently upon heating than the mixtures represented in 
table 3, which consisted of the same kind and amount of fibers, plus 
an amount of alum calculated upon the basis of no selective retention 
of aluminum. When the amount of alum was increased to 10 times 
the calculated amount, the pH changes upon heating, shown in 
columns 6 and 7, table 3, became similar to those in table 1. Such a 
large increase in the amount of alum, however, resulted in pH values 
which, even before heating, were abnormally low when contrasted 
with the values for pH-cold of table 1. Use of an intermediate 
amount of alum, columns 4 and 5, resulted in initial pH values which 
were normal, but gave pH changes upon heating which were smaller 
than those usually found in papers of this pH range. 


TaBLE 3.—Behavior of previously unheated alum solutions in the presence of neutral 
paper fibers 





pH of mixtures of 1 g of fibers with 70 ml of alum solutions 





0.00091 gofalum per | 0.0031 g of alum per | 0.0091 g of alum per 
70 ml. pH before 70 m). pH before 70 ml. pH before 
addition of fi- addition of fi- addition of fi- 
bers=4.9 ® bers=4.78 bers=4.58 





Before After Before After Before After 
heating | heating »| heating | heating *®| heating | heating » 
mixtures | mixtures | mixtures | mixtures | mixtures | mixtures 





ll. Rag _ : 5. 6.1 
22. Sulfite-soda.._...__- a eee 5. 5.9 
Special sulfite 5. 6.0 

. Bleached sulfate , 5. 6.0 




















* The three solutions containing 0.00091, 0.0031, and 0.0091 g of alum per 70 m] had pH values upon cooling 
of 4.1, 3.7, and 3.4, respectively, after heating for 1 hour at 100° C without fibers present at any time. 
* All pH determinations were made at 25¢ C 


—— ee 


‘In this run the proportions were 32 cu ft of water to 1.2 Ib of papermakers’ alum and 58 Ib of fibers and 
“7. 1.5 parts by weight of machine water remain with each part of solid material until evaporated in 
o¢ aryers. 


192170—39-———-3 
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It is evident that the paper-alum-water mixtures just discuss¢ 
differ in an important manner from the paper-water mixtures , 
table 1, in that, in the former, the pH changes upon heating are to, 
small if the pH-cold is normal, or the pH-cold is too low if the chanes: 
in pH upon heating are normal. The cause of this difference will }; 
considered in section V. The data presented thus far, howeye; 
allow some deductions to be made concerning the nature of the r 
tions occurring in the fiber-alum-water mixtures. 

The data of table 3 raise three important questions: (1) Do fibers 
raise the pH of alum solutions by taking up only hydrogen ion, or js 
aluminum ion also retained and the acidity thus indirectly reduced? 
(2) Why is the rise in pH brought about bv the addition of fiber: 
large in the weak and hardly noticeable in the stronger solution , 
alum? (3) Why is the change in pH upon heating alum solutions 
much less in the presence of fibers than in their absence? <A consid- 
eration of these three question follows. 

In answer to question (1), relatively large amounts of unhydrolyze( 
aluminum ion are in the alum solutions before heating, at the thre 
concentrations described in table 3. This was shown by the fact that 
heating greatly changed the pH. The approximate amount of u- 
hydrolyzed aluminum ion can be calculated from the data at hand. [/ 
the hydrolysis reaction is simply written as 


Al**++ + 3HOH = Al(OH);+3H*,® (1 


the degree of hydrolysis is represented by the expression [measur 
concentration of hydrogen ion]+-[concentration of hydrogen ion at 
complete hydrolysis.] 


For the weakest of the three solutions the degree of hydrolysis is 11 
percent, as calculated from the pH=4.9, and the concentration 
alum=0.00091 g/70 ml=0.000117 equivalent of alum or aluminun 
ion per liter. This shows that 89 percent of the aluminum ion was 
not hydrolyzed in the unheated solution. In the two stronger alun 
solutions the proportion of unhydrolyzed aluminum ion was, of course 
still greater. 

The simplest expression for the hydrolysis constant for equation 
(1) as written is 

(H*)$ 


Kyarotysts= (AP +4) 4 


Substituting the three independent sets of data, for the three solutions, 
into this expression, the values obtained are 0.6107", 0.7107" and 
0.6107", in the order of increasing concentration of the three alum 
solutions of table 3. The agreement may be considered as a measure 
of substantiation of the correctness of the hydrolysis equation as 
written. 

Inasmuch as the removal of aluminum ion by the fibers would cause 
the reversal of the hydrolysis reaction, thus reducing the hydrogen 
ion concentration and raising the pH, it is desirable to know if such 
a removal occurs. 


6 It is recognized that aluminum ion may hydrolyze in steps, but the equation as written represents the 


sum ofthese steps. 
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Schwalbe ® showed that a sulfite pulp reduced the concentration of 
juminum in an alum solution. His results were confirmed in the 
present work by the following experiments. 

Samples of the basic materials, from which the papers listed in 
table 1 were made, were added in 1-g portions to 70-ml portions of 
alum solution containing 0.0031 g of Al,(SO,)3.18H,0 per 70 mi. 
The basic materi ils, rather than the papers, were used, with the ex- 
ception of sample 22 (see footnote c, ta ible 1 ), in order to avoid large 
amounts of aluminum, present as ‘clay in samples 11, 28, and 32. 
hese basic materials were found to have the same pH as the corre- 
sponding papers, with the exception of the special sulfite pulp, which 
was alkaline, but which became neutral upon washing twice with 
distilled water. They were found, furthermore, to have essentially 
the same effect upon ‘the pH of alum solutions as the corresponding 
neutral papers, samples 11, 28, and 32. The aluminum in solution 
was dete rmined with the sensitive colorimetric aurintricarboxylic acid 
method before and after the addition of the fibers. The sulfate was 
letermined in the same mlidions by precipitation with barium.”® 
The results given in table 4 show that extensive retention of aluminum 

m occurred in all cases, since the changes shown are much larger 
than the indicated probable experimental error. The conclusions 
egarding the retention of sulfate ion are less definite, for these ex- 
perimentally determined changes are as large as the experimental 
certainty; and it is not possible to decide from these data whether 
or not selective retention of sulfate ion occurs to a small extent. The 
lata show, however, that aluminum sulfate is not retained as 
Al,(SO4)3, Since one part by weight of aluminum would therein be asso- 
chat ed with over 5 parts by weight of sulfate. The slight gains, if 
real, in sulfate ion by the sclutions are apparently due to the presence 
f sulfate, 0.05 to 0.15 mg, known" to be present per gram of the usual 
fbers used in papermaking. The fact that aluminum ion is selec- 
tively retained 3s of major importance, since the amount of aluminum 
in paper, calculated solely upon the basis of concentrations in the 
beater, would not be large enough to explain the observed pH changes 
ipon heating. 


on ® 


TABLE 4.—VFetention of aluminum by fibers in an unheated alum soluti 


Aluminum concentration Sulfate concentration 


1 g per 70 ml of solution) | 
Before addi- | After addi- | Before addi- | After addi- 
¢ 


tion of fibers | tion of fibers ®| tion of fibers | tion of fibers ® 


| mg per 70 ml | mg per 70 ml | mg per 70 ml | mg per 70 mi 

New rags (halfstuff) _- : } 0.2740.02; 0.17 +40.02 1.3 +0. 2 1.6 + 
a-sulfite (sample 22) . . 27 +0. 02 .10 +0. 02 | 1.3 +0. 2 1.6 
jal sulfite pulp x .27+0.02 | .03 +0.02 | 1.3 +0.2 1.2 +0 

eached sulfate pulp. ..... .27+0.02 | .02+0.02 | 2 ] } 


alum solution was made by diss¢ ving 0.0031 g of ep Als(SO4)s. 18 H;0 per 70 ml. Upon analysis, 
was found to have lost water and was better represen oe by the formula Al9(SO)4q3.16H20. 
_ were removed by filtration and dissolved organic mnatte r was remo ved before the analyses. All 
)t retained by the fibers but removed in the filtering DFO ‘ess would constitute a small correction 
ss of colt imn3. The correction would probably be negligible, since not more than 5 percent of the 
n would be present as Al(OH)s, as shown by the value for the degree of hydrolysis for this concentra- 
luminum sulfate. 
, G@. Schwalbe, Z. angew. Chem. 37, 125 (1924). 
The auth or thanks W. D. Mogerman and W. W. Walton of the Chemistry Division for cooperation in 
ing these analyses. 
©. Griffin, Paper Trade J. 90, 63 (May 1,{1930). 
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The experiments just described do not, by themselves, indicate the 
form in which the aluminum is retained. It may be retained either 
(a) as completely hydrolyzed Al(OH); or (b) as unhydrolyzed A]+++ 
or as partially hydrolyzed Al(OH)**, for example, or both. In any 
case, the substances may be either physically adsorbed as such, or jn 
some chemical combination with the organic or inorganic constituents 
of the fibers. Since physical adsorption would require that the sum of 
the ions, positive and negative, be zero, and since the concurrent 
removal of SO,” has not been shown, the retention of Al*** as such. 
or its partially hydrolyzed forms, would be explainable by an ioy 
exchange with the inorganic fiber constituents, calcium, for example. 
The mechanism of retention was not investigated. 

If the aluminum were retained only as Al(OH);, however, then prac- 
tically all of the aluminum in the system, at least in the cases of ( 
and D, table 4, would be in a completely hydrolyzed condition before 
heating. The amount of unhydrolyzed aluminum, Al**t+t, would be 
then insufficient to explain the pH changes upon heating, as shown in 
table 3, columns 4 and 5. It appears, therefore, that the retention of 
hydrolyzable aluminum must occur. 

These conclusions are necessary according to the theory which 
requires that the activity or mass-action effect of “‘solid’’ substances, 
in equilibrium with a solution, is unity, and that the amount of the 
solid phase present does not affect the ionic equilibrium. This 
means that MOLD, may be taken up by the fibers without upsetting 


the ionic equilibrium and without consequent formation of more 
AI(OH);. Thus, only 11 percent or less of the aluminum in the three 


solutions under consideration could be removed from solution, if 
removed only as Al(OH)s. Table 4 shows this value to be greatly 
exceeded in all cases. 

Additional evidence of the removal of aluminum ion by fibers is 
given in table 5. After fibers had been in contact with an alum 
solution for 1 hour, they were removed completely and the filtrates 
were heated for one hour at 100° C, as usual, and cooled. Measure- 
ment of the final pH showed that the pH changes, and especially the 
changes in hydrogen-ion concentration of the filtrates upon heating, 
were much smaller than in the orginal solution, showing that hydro- 
lyzable aluminum ion had been removed from solution. It should be 
stated that filtrates from mixtures of the fibers with distilled water 
alone, containing no alum, did not change in pH upon heating. 


TABLE 5.—Changes in pH of the filtrates from fiber-alum-water miztures 





PH of mixtures ~ 
of 1 g of fibers ange in 
f oto pH of pH? of a 
Sample a eer filtrate filtrate cone. 
, alum. pH Re ie on heating 
before addition| "©8428 eating filtrates 
of fibers=4.7* 





. Soda-sulfite.___ 
. Special sulfite - 
. Bleached sulfate--_- 

















® The solution after heating alone had a pH =3.7. The change in pH from 4.7 to 3.7 represents a change 
in hydrogen ion concentration of 1800X10-7 equivalents per liter. 
» All pH measurements were made at 25° C. 
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In answer to question (1), therefore experimental evidence shows 
that fibers selectively retain aluminum ion in alum solutions, thereby 
indirectly lowering the acidity. This occurs concurrently with the 
direct retention of hydrogen ion and the consequent direct lowering 
of acidity. 

In answer to question (2), why fibers raise the pH of strong alum 
<olutions less than that of weak solutions, it may be pointed out that 
the percentage of aluminum ion left in solution after retention by the 
fibers becomes larger with an increase in concentration of aluminum 
jon, inasmuch as retention cannot be expected to increase indefinitely 
with concentration in a strict proportion; that is, the fibers approach 
“saturation.” As the total amount of alum was increased, table 3, 
the proportion left in solution after retention became larger, until, in 
the strongest solution, sufficient aluminum ion remained in solution 
to maintain the pH at the original value, except in the case of the 
soda-sulfite fibers. Even in the strongest solution as much as one- 
fourth of the alummum ion may have been retained by the fibers, 
since the hydrolysis relationship (H+)=AKw/(Al***) shows that large 
changes in the concentration of aluminum ion must occur before the 
pH changes become appreciable. Thus, in the more concentrated 
solutions of alum, the selective retention of aluminum ion may be 
considerable without affecting appreciably the cube root of the 
aluminum-ion concentration. 

In answer to question (3), why pH changes upon heating alum 
solutions are larger in the absence than in the presence of fibers, there 
are two mechanisms which may be considered. Either the aluminum 
ion taken up by the fibers is not hydrolyzed by heating and only tlie 
aluminum in solution is, or else all, or most, of the aluminum ion 
hydrolyzes, but the hydrogen ion produced is subsequently taken up 
by the fibers. The latter appears more likely, however, for the values 
in table 2, column 2, which were obtained by first hydrolyzing the 
aluminum ion and then reducing the acidity by adding fibers, are in 
good agreement with the values in table 3, column 5, which were 
obtained by heating the alum in the presence of fibers. This speaks 
in favor of the mechanism that all or most of the aluminum ion in the 
system is hydrolyzed upon heating, and the hydrogen ion produced is 
retained to an extent depending upon the nature of the fiber and 
upon the concentration of the acid. 


V. RETENTION PHENOMENA UNDER PAPERMAKING 
CONDITIONS 


The conditions of the experiments thus far described simulated 
conditions of paper extraction and were useful in showing the behavior 
of acid and as occurring therein. The concentrations of materials 
during papermaking conditions are much different, however, than 
during extraction conditions. In a typical papermaking run, for a 
paper made with a medium amount of alum, 1.4 percent, for example, 
1 g of fibers in the beater and chest is associated with 35 m! of water 
containing 0.014 g of alum. This concentration is over three times 
as great as that of the strongest solution of alum referred to in the 
preceding section, which contained 10 times the amount of alum cal- 
culated on the basis of no retention, for extraction conditions of paper 
sample 13 of table 1. Thus, the amount of aluminum retained under 
these papermaking conditions may be expected to be large. 
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On the basis of the foregoing experiments, such large amounts of 
alum would be expected to result in much lower values for pH-cold 
than those of table 1. In the foregoing experiments, however, dis- 
tilled water was used,whereas the papers of table 1 were made, as usual, 
with tap water of pH=7.6, to which much more alum must be added 
than to distilled water for a given resultant pH. For example, 70 | 
of tap water containing 0.028 g of alum and 70 ml of distilled water 
containing 0.0091 g of alum both have a pH=4.5. 

The proportions in a typical papermaking run were simulated wit! 
rag and with soda-sulfite paper fibers. One-gram portions of fibers 
were added to 35-ml portions of tap water containing 0.014 ¢ of 
alum each. After 1 hour at room temperature, the mixtures were 
filtered on a Biichner funnel and allowed to remain thereon until the 
pads contained 1.5 g of liquid,” which corresponds to the moisture 
content of the paper sheet before it reaches the dryer. The pads 
were then mixed with 68.5 ml of distilled water, to simulate extraction 
conditions, and the pH-cold was determ ined after 1 hour at room 
temperature. The mixtures were then heated for 1 hour at 100° C, 
cooled, and the pH-hot was determined. The results are given in 
table 6, systems 2 and 3, and show that paper extraction conditions 
for unsized papers were thus reproduced, in that both the pH-cold 
and the change in pH upon heating were within the normal range. 


TABLE 6,.— am panenatanei under papermaking and extraction conditions 


pH values * of fibers 


System ; No. 22 
No. 1, soda-sulfite 
mixture 





(1) 1g of fibers+35 ml of tap water containing 0.014 g of alum 

(2) — filtered, retaining 1.5 g of liquid; 68.5 ml of distilled water added to 
fibers é = ; Paetnee a ss ‘ 

(3) System (2) heated for 1 hour at 100° C, then cooled 

(4) 1.5 g of origina] solution of 0.014 g of alum in 35 ml of el water, added to | 
68.5 ml of distilled water containing 1 g of fibers } 

(5) System (4) heated for 1 hour at 100° C, then cooled -- 


* All pH values measured at 25° C. 


The retention of aluminum ion under papermaking conditions was 
found to be considerable, as shown by the data in table 7, whereas that 
of sulfate ion was small, if it occurre datall. The amounts of aluminum 
and sulfate (see footnote 10) remaining in the fibers after — to 

tap water and to tap water containing alum were determined al 
igniting the materials. The ignition of the materials for ee 
analysis required special care. The materials were soaked in an excess 
of calcium chloride solution, and the mixture was evaporated 
dryness and then ignited at 950° C, at which temperature CaSQ, is 
stable. Blanks were run on all reagents. The presence of aluminum 
in the form of clay was again avoided by the use of the basic rag 
material from which sample 11 was made. The two last columns 
show that from one-third to almost one-half of the aluminum added 
to the beater is selectively retained, even in the absence of rosin size, 
whereas 96 percent of the aluminum would remain with the machine 
water if no selective retention occurred. 


12 Concentration of alum solution due to evaporation under these conditions was found to be negligible, 
since prolonging the time of the operation from the usual minute or so required to 2 minutes did not change 
the weight of the moist pad to an important extent; less than 5 percent of water was thereby lost. 
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7.—Retention phenomena under papermaking conditions 


Gain, if no | 

retention | Proportion 
Gain for 1 g of fibers | 
exposed * to 35 ml 


occurred, of sub- 


Gain for 1 g o 
; calculated stances 


of tap water con- mt re ot a . lg sam, petal due to from weight} removed 
taining 0.014 g of ee 1 an = of solu- from alum 
alum » Saye eNeea tion®in | solution 

fibers after | by fibers 
filtration 


| 
| 


Al| SO, | Al 


| 
| Per- 

mg Q mg mg mg mg | mg | cent 
0.45 +0.01) 0.5 +0.1; 0.06 +0.01) 0.1 +0.1) 0.39 +0.01; 0.4+0.1) 0.05 0.3 33 


a-sulfite } i 
No. 22 64 +0.01 §+0.1) .10+0.01) .1+0.1 54 +0.01 4+0.1 05 
| 


s Fi bers remained in the solution 1 hour with constant stirring and were then filtered with suction until 
1 of solution remained with each gram of fibers. 

» 0.014 g of alum=1.19 mg of aluminum and 6.3 mg of sulfate. 

e The experiments were actually performed with 2.5 g of fibers and corresponding amounts of liquid, for 


} 


vhich the analytical precision was 0.02 and 0.2 mg for aluminum and sulfate, respectively. 


It was of interest to determine the pH relationships if no retention 
were allowed to take place. This was done as follows. 1.5 g of the 
riginal tap water-alum solution was directly added to 68.5 ml of 
se water containing 1 ¢ of fibers. This amount of alum would 
be the same as that in solution in the 1.5 g of liquid in the fibers, if 
retention of aluminum-ion by the fibers had not occurred. It was 
found, however, that not only was the pH of the mixtures made up 
by direct addition of alum solution much higher, but also the change 
in pH upon heating was much smaller, than in the mixture made up 
in the previous manner, by allowing 1.5 g of liquid to remain with the 
fibers. The results are given in the remainder of table 6. 


VI. EFFECT OF ROSINZUPON pH RELATIONSHIPS 


[t has already been pointed out that the addition of rosin decreases 
not only the acidity of a paper, but also decreases the change in 
hydrogen-ion concentration upon heating the paper-water mixture, 

papers made with 2 percent or more of alum. Since alum is 
ways used in excess over the amount necessary to precipitate the 
rosin completely, this appears to be due to a reduction in the amount 
of available alum, presumably by the formation of insoluble aluminum 
resinate, as the following experiments show. Typical paper-water 
mixtures, referred to in table 1, were filtered after they had stood for 
| hour at room temperature. These filtrates were then heated for 1 
hour at 100° C and then cooled. ‘The pH was determined before and 
after heating. A decrease in pH was found only for the filtrates from 
papers made with relatively large quantities of alum. The results 
are given in column 10 of table 1. The effect of rosin upon the amount 
of alum leaving the paper | fibers and dissolving into cold water is seen 

in the sample pairs 1 and 2, 3 and 4, and 12 and 13. 

Other effects of rosin upon the pH and pH changes during heating 
may, of course, occur, for no attempt has been made to extend the 
investign tion to cover this point. It is to be observed, however, that 
if such effects exist, they are small, since no systematic difference 
between the behavior of sized and unsized papers in table 1 is notice- 
able, from the standpoint of pH. The decreasing effect upon the 
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acidity and acidity changes during heating, by increasing the amount 
of size used, is obviously not a direct function of the weakly acidic 
character of rosin itself. 


VII. FUNDAMENTAL BASIS FOR CHOOSING BETWEEN 
HOT EXTRACTION AND COLD EXTRACTION 


It has been shown that the effect of hot extraction is to hydrolyze 
further the aluminum salts in the papers, thereby producing as muc} 
as 3 to 4 times the amount of hydrogen ion originally found in th 
cold extract. These large amounts of acid resulting from the hydrc oly. 
sis of the aluminum salts obscure the presence of smaller amounts of 
other acids which may result from cooking or bleaching operations, or 
which may be present owing to acidic atmosphere. 

Hot extraction has a further serious drawback. The aluminum 
salts in the papers may undergo partial hydrolysis, with the liberation 
of harmful acid, when they are stored or shipped under warm, humid 
conditions, or when the drying or other manufacturing processes were 
faulty. The amount of this acid cannot be measured by the method 
of hot extraction, since the heating process causes extensive further 
hydrolysis, irrespective of any partial hydrolysis which may already 
have occurred. The method of cold extraction, on the other hand, 
gives pH values corresponding to the hydrolysis equilibrium at room 
temperature; thus, any displacement of this equilibrium by previous 
higher temperatures will be measured. If the alum was already 
ps irtially hydrolyzed by faulty storage or manufacturing conditions, 
the acid thus liberated should be and is measured in the unheated 
extract. 

If the acidity of a paper, as it exists under conditions of use, can be 
employed as a measure of its permanence, and it appears that this is 
true, then the method of cold extraction gives a much closer measure 
of the significant pH values of papers than do the more complicated 
methods now in general use. 


Wasninaton, October 20, 1939. 
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POLAR STRUCTURE OF SOME BENZEIN INDICATORS 
By Myron A. Elliott * and S. F. Acree 


ABSTRACT 


In the study of electronic effects associated with changes of color of indicators, 


the approximate electric moments have been measured for a-naphtholbenzein and 
thymolbenzein in benzene solution. The values obtained were 4.3107 and 
6.8 1078 esu, respectively. These values are much lower than those predicted 
for the benzein type of molecule on the basis of the static dipolar structure shown 
infigure 2. They are compatible, however, with the quinone-phenolate resonance 
theory and indicate that these molecules are predominantly in the structure 
shown as A,, figure 1, with very little of the resonant dipolar form Ag. 


CONTENTS 
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I. INTRODUCTION 


In investigations of the effects of hydrogen ions and various types 
of salts on indicators, the need of more information about the dipole 
moments of the indicators has been felt. Some preliminary data on 
the dielectric constants of a-naphtholbenzein and thymolbenzein in 
benzene solutions are given in this paper. From these data the dipole 
moments of the molecules have been calculated and some interpreta- 
tions made. 

The dipole moment, which is a measure of the electrical asymmetry 
of a molecule, gives important information concerning molecular 
structure. Here we shall attempt to correlate the measured dipole 
moments of some benzein indicators with those predicted by each of 
two conflicting theories for the structure and origin of color of these 
indicators. One of these theories [1],' the quinone-phenolate theory, 
attributes the weak color cf the benzeins in their free state to a reso- 
nance within the quinone group (A, fig. 1) and the intense color of the 
ionized molecule to a resonance in the quinone-phenolate anion (B, 
fig. 1). The other theory [2] attributes the color of the free benzein 
and the highly colored form respectively to a fixed dipolar structure 
(C, fig. 2) and to a charged, fixed dipolar structure (D, fig. 2). 


*Research Associate at the National Bureau of Standards, representing the Florida Citrus Commission. 
‘ Figures in brackets indicate the literature references at the end of this paper. 675 
(oO 
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In A, the resonance which affects the visible frequencies occyr; 
within the typical quinone group alone, two extreme resonating struc. 
tures being shown by A, and A:, although several intermediate ones 
can be expected also. In B, resonance occurs in the whole quinone. 
phenolate anion; each C,,H,O group being thought of as changing 
alternately between modified quinone and phenolate ion structures []) 

The second theory postulates a trivalent central carbon atom carry- 
ing a unit positive charge with a negative charge on the oxygen. This 
gives the static structures C and D, respectively, in place of A and B 


‘o- 
FicurE 1.—Resonant quinoid and quinone-phenolate structures for 
a-naphtholbenzein. 


A, Weakly colored quinoid; B, Intensely colored quinone-phenolate anion. 


On the basis of the quinone-phenolate theory, C or D is one of the 
resonance structures of A or B, respectively. It should be emphasized, 
therefore, that one cannot decide against the quinone-phenolate 
resonance theory by finding chemical reactions in agreement with 
structures C and D. On the other hand, one could obtain evidence 
against the fixed dipolar structures (C and D) by finding chemical 
reactions of a quinone. One cannot, however, at present rule out a 
static dipolar structure on the basis of chemical reactions alone. 
This can be done by a measurement of the dipole moment, since, as 
is evident from structures A and C, the two theories predict widely 
different dipole moments for the benzein in its free state or in benzene 
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colution. That the benzein has the same form in benzene solution as 
in its free state, as would be expected from the low dielectric constant 
of benzene, is shown by the fact that the color is red in both cases, 
whereas the aqueous alkaline solution containing the ionized molecules 
18 blue. 

A simple calculation shows that a molecule having structure C 
would have a dipole moment close to 27 Debye units (D=107* esu). 
From structures A, on the other hand, one can predict a value some- 
where between 3.9 and 27 D, depending upon the relative probabilities 
of A; and Ag. The smaller the value of the measured dipole moment, 
the less is the contribution of structure Ay. From the measured dipole 
moments to be given later, a rough estimation could be made of the 
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Figure 2.—FPostulated static dipolar structures for the weakly and the intensely 
colored forms of a-naphtholbenzein. 


relative probabilities of A, and Ag, if one neglects the intermediate 
structures which occur to some extent. 


Il. APPARATUS AND METHOD 


The above-mentioned moments were calculated from measure- 
ments of their dielectric constants, made at 25° C with a resonance 
apparatus of a modified Wyman type placed in an air thermostat [3]. 
The cell consisted of three concentric platinum cylinders 5 em long. 
The diameter of the central one was 2 cm, and the three cylinders 
were spaced 1.5mm apart. They were mounted in a glass jacket. One 
heavy straight lead was attached to both the outer and inner cylinders 
and another to the intermediate cylinder. External inductors of 
various sizes could be connected across these leads. The resonance 
frequency of this electric circuit was determined by its interaction 
with a variable high-frequency oscillator. The interaction was de- 
tected by a sudden change in the plate current of the oscillator when 
its frequency was tuned to the resonance frequency of the nearby cell. 
The cell was calibrated with standard known solutions of nitroben- 
zene in benzene and a curve made of frequency against dielectric 
constant for each of the inductors. The dielectric constants of the 
solutions were very nearly inversely proportional to the squares of the 
respective resonance frequencies for a given external inductance. 
Theoretically, the proportionality should be exact [3] if the solution 
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encompassed the total electrostatic field in and about the cell. The 
frequency of the variable oscillator was checked before and after each, 
measurement by beating it against the higher harmonics of a standard 
piezoelectric oscillator. This apparatus was built for studying the 
dielectric constants of solutions of the amino acids and proteins found 
in citrus juices and is not ideally suited to the type of measurements 
described here. The values obtained may be considered good enough, 
however, for use in testing the very different predictions of the two 
structural theories outlined above. In the range studied, the molar 
polarization of these benzein indicators in benzene decreased with 
decreasing concentrations, so it was necessary to extrapolate to infinite 
dilution to obtain a proper value to use for calculating the electric 
moments. Because of the low solubility at 25°C of thymolbenzein in 
benzene, it was not possible to obtain satisfactory points to make an 
extrapolation to infinite dilution. Some tentative values were obtained 
by assuming the slope of the curve for the short thymolbenzein extra- 
polation to be the same as that for the a-naphtholbenzein. 


III. DATA AND CALCULATIONS 


Table 1 contains the data used in calculating the electric moments 
of a-naphtholbenzein and thymolbenzein. The terms used in this 
table are defined. 


Taste 1.—Data on dielectric constants and molar polarizations of a-naphtholbenzein 
and thymolbenzein at various concentrations in benzene 


Py 


e-NAPHTHOLBENZ 


0. 00499 26. 646 29. 439 
. 00248 2. 35! 26. 713 28. 057 
. 00123 . 318 26. 748 27. 387 
. 000615 . 29 26. 764 27. 065 
00499 3 26. 646 29. 346 
00248 ; 26. 713 27. 900 
. 00123 . 2 26. 748 27. 298 
. 00442 396 | 26.660 | 28.700 
.00218 | 2.33% 26.721 | 27.653 








ted to infinite dilution 








THY MOLBENZED 





0.000557 | 2.321 26. 7 
. 000279 | 2. 298 26. 
. 000557 | 2.319 26.7 
- 000279 | 2.300 26. 77 
. 00235 2. 443 26. 7 
)133 2. 368 26.7 


| Values extrapolated to infinite dilution 
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The molar polarization (P,2) of a binary mixture may be expressed 
4, p. 44] by the equation 


—] Mf +M,f, A > Gack 
Sg Pht Path= Pas, (1) 


where =dielectric constant of the solution; 
p=density of the solution; 
M,=molecular weight of component 1; 
M,=molecular weight of component 2; 
f:=mole fraction of component 1; 
f,=mole fraction of component 2; 
P,=molar polarization of component 1; 
P,=molar polarization of component 2; 
P,.=molar polarization of the mixture; 


In this case the solvent benzene is taken as component 1. The 
constant P, is obtained from eq 1 by letting f,=1, f.=0, and sub- 
stituting the proper constants for benzene, 


_ lI M, __ 


a mae 
e+2 py 


P, =26.778. (2) 





2.283—1 78.05 
2. 5 


283 -+-2 0.873 


The total polarization, P, of a molecule is the sum of its electronic, 
atomic, and orientation polarizations. The sum of the electronic and 
atomic polarizations will be designated as Po, the polarization due to 
deformation of the molecule. The desired orientation polarization 
will then be P—P>. The total polarization, P, can be obtained from 
table 1 and is equal to the value of P, at infinite dilution. The 
deformation polarization, Py, can usually be approximated from 
measurements of the refractive index, but, because of absorption 
bands in the visible spectrum, such data could not be obtained here. 
This P, could also be calculated if another value of the dielectric 
constant of the solutions were obtained at a frequency in the infrared 
region that was too great for orientation to occur but low enough 
for the electronic and atomic deformations to occur. Since it was 
not feasible in the course of this work to obtain dielectric constant or 
refractive index data at frequencies in the infrared region, the value 
of Py was obtained by use of the following approximation: 

It may be expected that at frequencies in the infrared the polari- 
zation per unit volume for benzene solutions of the benzein indicators 
will be somewhat greater than that of pure benzene. This is because 
of the greater possibility for atomic polarization in the large benzein 
molecules than could occur with pure benzene. For molecules having 
large moments, however, this difference between the polarization per 
unit volume of the solution and that of the pure’so]vent at infrared fre- 
quencies will be very small compared with the corresponding difference 
at radio frequencies, where the orientation polarization gives its full 
effect. This is particularly true if the’solute'and solvent are composed 
largely of the same kinds of atoms and ‘groups. Let the approxi- 
mation be made that the polarization per unit volume of these 
indicator solutions is equal to that of pure benzene at infrared fre- 
quencies. Then it can be calculated that for a-naphtholbenzein 
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P,)>=93 em? and for thymolbenzein Po>=116 cm*. The dipole momen; 
[4, p. 42] of a molecule is given by the formula 


p=0.0127X 107" (P—Po) X T esu, 


where T is the absolute temperature. The use of eq 3 and value 
of P obtained from the data of table 1, of Po as es aleuls ited and give; 
above, and of 298.1 (25° C) for T gives 4.3 D and 6.8 D for the _ 
moments of a- ec eer and thymolbenzein, respectively 


IV. SOURCES OF ERROR 


Careful consideration will show that Pp, calculated with the aboy; 
approximation will likely be too small for these particular systems 
This means that p may, therefore, be a little too large. This fact 
does not interfere with arguments given here on the polar structur 
of benzein indicators, since these deductions depend on the moments 
being below and not above certain limits. Another source of diff- 
culty in working with molecules of this size at high frequencies is 
that due to the anomalous dispersion of the dielectric constant 
[4, chap. 5]. This dispersion or variation arises because the mol 
cules may be too large for their orientations to keep pace with thie 
rapid changes in the electric field. If they lag behind these field 
changes, the dielectric constant, and hence the molar polarization 
are diminished relatively to the values at low frequencies. Table | 
shows that the molar polarization of a-naphtholbenzein was 348 at 
39.4 Me and 467 at 11.3 Mc. To explain this difference one might 
suspect some colloidal material to be present, but it was found that 
the solution would readily diffuse through a rubber membrane, so 
that possibility was discarded. Calculations based on the size of 
the benzein molecules and the viscosity of the solvent show that the 
frequency range 7.5 to 27 m (40 to 11 Moc) is near or perhaps out of the 
dispersion region on the low frequency side. Wyman in his work on 
amino acids and related compounds [5] with molecular weights as 
high as 150 found no evidence of anomalous dispersion at wave 
lengths down to 2.5 m (120 Mc). The molecular weights of the 
benzein derivatives discussed in this paper are between 350 and 400, 
but the lowest frequencies used (27 m or 11 Mc) are less than one- 
tenth of those just mentioned. This leads to the belief that at 11 
Mc the frequency should be at least near the lower limit of the regio: 
of anomalous dispersion if not out of it. Until further work can be 
done at lower frequencies, the values obtained at 11 Me are the best 
available. Any corrections necessary because of anomalous dispersion 
will tend to increase the electric moments reported herein. These 
corrections, if later found to be necessary, will not seriously affect 
the conclusions concerning the structure of the indicators presented 
here unless these corrections should exceed 100 percent. 


V. CONCLUSIONS 


The dipole moment of 4.3 D obtained for a-naphtholbenzein is only 
slightly larger than the minimum of 3.9 D calculated for structure 
A,;. This shows that highly polar states are present only a very 
small fraction of the time. 
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The higher moment of 6.8 D obtained for thymolbenzein indicates 
that this s molecule is in highly polar states somewhat more of the 
me than a-na phtholbenzein. 

. None of these facts is inconsistent with a structural theory based 
1 the resonance concept, whereas the observed electric moments are 
yt SU ufliciently large to justify the assumption of the static dipolar 
sicture. Such a dipolar structure can at most exist as only one 

many transient states formed during resonance. The theoretic al 

leu ations of Pauling [6], Mulliken [7], and Sklar [8] are in accord 
ith a resonance phenomenon for the basis of the origin of color in 

‘he conjugated double bond type of molecule. In harmony with this 
Y asks preliminary measurements of the electric moment of phenol 

. indicate that resonance between conventional and dipole struc- 


C,H,: N-C,H,N (CH;). @ O-C,H,-N: CsHy: N*+(CHs)s, 


tures may be associated with the intense color of this indicator, 
digoes, oxazones, and similar dyes. 

Knowledge of the polar structure of indicators is important in 
levising equations for expressing the effects of H-ions and salts on 
‘heir color changes. The equations expressing the corrections for 
the effects of surrounding salts on a highly “polar or amphoteric 
ympound are different from those used in the case of an ordinary 

or molecule [9]. Further measurements of dielectric constants 

nd refractive indices at various temperatures and frequencies and 

lso in ionizing solvents will be necessary. Spectrophotometric data 

| the infrared should also be obtained to give further information 

iit vey bonding in these molecules. Measurements should also be 

: similar molecules having the OH groups replaced by methoxy 

Leets ate radicles so that there can be no hydrogen bond formation 

|. The accumulation and interpretation of such data will aid in 
rfecting the theory and technique of the indicator method. 


We are indebted to J. R. Johnson, of Cornell University, for supply- 
ing a number of benzein compounds and to A. L. Sklar, of this labora- 
tory, for many suggestions on the theoretical aspects of this paper 


VI. REFERENCES 


1} E. A. Slagle and S. F. Acree, Am. a, J. 39, 531 (1908); 42, 129 (1909). 
See also R. T. Birge and S. F. Acree, J. Am. Chem. Soc. 41, 1048 (1919), 
and Am. Chem. J. 38, 1 (1907), for earlier references and mathematical 
treatments of tautomerism of indicators. 

H. Lund, Math-fysik. me" Dansk. 11, 6 (1931). 
(3] J. Wyman, Jr., Phys. Rev. 35, 623 (1930). 
[4] P. Debye, Polar Molecules (Reinhold Publishing Corp., Inc., New York, 
N.. Y.,. 2929). 
J. Wyman, Jr., Chem. Rev. 19, 213 (1936). 

}| L. Pauling in H. Gilman’s Organic Chemistry, 2, 1888-89. (John Wiley 
& Sons, Inc., New York, N. “7 1938). 

|} R. S. Mulliken, J. Chem. Phys. 7 > 20, 121, 364 (1939). 

|] A. L. Sklar, J. Chem. Phys. 5, 669 (1937). 

G. Scatchard and J. G. Kirkwood, Physik. Z. 33, 297 (1932). 
W. M. Latimer and W. H. Rodebush, J. Am. Chem. Soc. 42, 1419 (1920). 
W. H. Rodebush and A. M. Buswell, J. Phys. Chem. 43, 219 (1939). 


WASHINGTON, October 10, 1939. 








U. §. DEPARTMENT OF COMMERCE NaTIONAL Bureau oF STANDARDS 
RESEARCH PAPER RP1264 


Part of Journal of Research of the National Bureau of Standards, Volume 23, 
December 1939 


ZEEMAN EFFECT IN THE SECOND AND THIRD SPECTRA 
OF XENON 


By Curtis J. Humphreys, William F. Meggers, and T. L. deBruin* 


ABSTRACT 


The Zeeman effect in the spectra of singly and doubly ionized xenon has been 
observed in the laboratory ‘‘Physica”’ in Amsterdam and at the National Bureau 
of Standards. The source used in the case of the former observations was a Back 
lamp consisting of a spark between metal electrodes operated in an atmosphere of 
the gas, whereas at the National Bureau of Standards a Geissler tube placed 
transversely between the poles of the magnet wasemployed. Measurable patterns 
were obtained for 130 lines of Xe 1m and 62 of Xe. Reasonably good agree- 
ment between the observations from the two laboratories was obtained. 

Analysis of observed patterns has permitted computation of 61 g values asso- 
ciated with levels of Xe 11 and 34 of Xe 111. 

Most of the patterns are only partially resolved. Use of the formulas of Shen- 
stone and Blair to set up observation equations which were adjusted by the method 
of least squares has permitted calculation of a fairly consistent set of g values. 
The g-sum rule was tested where possible and was found to be satisfied very closely 
in case of two different electron configurations in Xe+. Observed g values depart 
considerably from those calculated by the Landé formula in most instances. A 
vector coupling scheme intermediate between LS and Jj is indicated for both 
Xet and Xett, 

The analysis of Xe1r has not required important changes as a result of the 
Zeeman-effect observations. No changes of J values are indicated. In two 
instances, pairs of levels are interchanged in the term tables. In Xe 111, the re- 
visions are confined mostly to the group of levels of 23D parentage from the s?p?-6p 
configuration. Changes in the assignment of J values are required in five 
instances. 


CONTENTS 


I. Introduction_---__ ks ia s oe 8 L 
if. 
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IV. Xe u—data and results__........_--._-- 

V. Xe n1—data and results_ ore 
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I. INTRODUCTION 


A series of papers dealing with the analyses of the spectra originat- 
ing in singly and in doubly ionized xenon have been published jointly 
or separately by the authors of this paper. A partial analysis of 
Xe 11 was published in 1931 [1].1. In a recent paper [2] this analysis is 
revised and extended so that nearly all conspicuous lines of Xe ti are 
accounted for. DeBruin announced the first-observed regularities in 
Xe m1 in 1935 [3]. Humphreys [4], in 1936, extended the analysis to 

* Professor of Physics, Laboratory ‘‘Physica,”” University of Amsterdam, Amsterdam, Holland, 

' Numbers in brackets indicate the literature references at the end of this paper. 
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account for most of the observed lines. Portions of these spectra jy 
the Schumann region have been observed and analyzed by Boyce {5 

The second, third, and probably higher spectra of xenon are exc ‘ited 
simultaneously in the sources commonly used, such as the electrodeless 
discharge or a Geissler tube operated in a circuit containing a spark 
gap and condensers. Methods of identifying a particular spectrum or 
of favoring its production are discussed in the literature referred to 
Lines of the third, or higher, spectra appearing in the Geissler-t, 
source are weakened or suppressed, by inserting suitable amounts ( of 
inductance in the discharge circuit. 

The earlier work of the authors, as well as that of Bloch, Bloch, 
and Déjardin [6, 7] has made it possible to classify almost all xeno; 
lines according to the ions in which they originate. 

A few Zeeman patterns in Xe 111 were available to deBruin when he 
published his paper on the Spectral Structure of the Doubly Ionized 
Noble Gases [3]. These had been observed by C. J. Bakker at the 
laboratory ‘‘Physica” in Amsterdam, but the results had not been 
published. The other investigations of the structure of Xe m and 
Xe 11 were carried out without the aid of the Zeeman effect. 


I. OBSERVATIONS 


Early in 1938 deBruin communicated to the other authors of 1) 
paper a set of Zeeman effect observations in xenon spectra in the region 
between 3400 and 5600 A. These observations included about 60 
patterns for Xe 1 and 20 for Xezr. A number of additional pat- 
terns were indicated as “provisional.’”’ These have been incor- 
porated into the tables in cases where interpretation of the patterns 
gave results consistent with other observations. 

A year later, Zeeman effect observations in Xe 1 and Xe m1 wer 
made at the National Bureau of Standards. These observations 
duplicated in part the earlier work but extended farther into the red 
to about 7000 A, and yielded measurable patterns of several intense 
low-level lines of Xe not observed by deBruin. Ninety-seven 
patterns of Xe 1m and 62 of Xe m1 were measured. Most of the 
patterns were recorded more than once, a few as many as four times. 
A 30,000-line/inch grating was used for all the observations at the 
National Bureau of Standards. The ultraviolet lines were observed 
in both the first and second order spectra, whereas first order observa- 
tions only were available for lines of wave length greater than 4250 A. 
The essential difference between the Amsterdam and Washington 
observations was in the sources employed. DeBruin used a Back 
lamp [8], which consists of a chamber containing the noble gas at 
low pressure mounted between the magnetic poles. A metallic 
spark is passed through the narrow space between the pole pieces. 
The spectra of the gas are excited along with the spectrum from the 
electrodes. This type of source probably yields sharper patterns 
but has the disadvantage of low intensity, making it necessary to 
maintain the magnet in operation for very long periods of time. 

Geissler-tube sources were used in all of the observations at the 
National Bureau of Standards, the intensities of these sources per- 
mitted satisfactory spectrograms to be obtained in exposure times 
ranging from 30 to 60 minutes but the tubes, mounted with the 
capillary portion between the pole pieces and at right angles to the 
field, quickly became unserviceable because the discharge, driven 
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cainst the capillary wall by the magnetic field darkened or caused 
tegration of the tube wall. Tubes designed to be inserted in 
eee pole pieces to permit passage of the discharge parallel to the 
feld were not used, because, according to Back [8], it is not possible 
+o get a uniform field in the region of observation between bored 
pole pieces. A current of 150 amperes was maintained in the magnet 
rindings by means of a motor generator. The applied electromotive 
foree was about 100 volts. The field strength calculated from 
ndard patterns of sodium, zinc, magnesium, and aluminum 
amounted to very nearly 36,000 gausses. 

The greatest disadvantage of the use of condensed discharges from 
Geissler tubes is that the lines are not very sharp. Only in case of 
transitions between levels of small J values, % to % or % to 1% in a 
spectrum of even multiplicity, such as Xen, are completely resolved 
patterns obtainable. Resolution of the parallel components was 
shtained 3 in only a few instances. 


II]. CALCULATION AND INTERPRETATION OF THE 
g FACTORS 


The theoretical interpretation of the so-called anomalous Zeeman 
efect is too well known to require any extended discussion. The 
served pattern results from the combination of levels, one or both 
f which are separated into a number of components by a magnetic 
field. These level displacements are accounted for by the acquisition 
f quantized amounts of energy MgL in which M, the magnetic 
juan tum number, stands for the quantized values of the projection 


f the vector J upon the vector H. There are 2J+1 values of /, 
increasing by steps of one from —J to +J. At the very beginning of 
‘he development of the quantum theory, Landé [9] set up a formula 
for the g factor. It was later shown that this g was the ratio of the 
magnetic to the mechanical angular momentum of the atom. L is 
the Lorentz unit? given by He/4 w mc*. It expresses the splitting 
which oceurs in the normal Zeeman triplet. It is customary to 
specify all patterns in terms of these units of normal Zeeman splitting. 
The displacements of the components of a level are given then by the 
various products, Mfg, where M takes all permitted values. 

In cases where the coupling between the quantum vectors is of the 
LS type, a completely resolved Zeeman pattern may be analyzed to 
vield the quantum numbers, J, Z, and S, associated with each of the 
ombining levels. 

It becomes apparent, therefore, that Zeeman-effect observations 
; are extremely helpful in the assignment of quantum numbers to the 
levels of a spectrum. Complete tables of theoretical Zeeman patterns 
of the Landé type have been prepared by Kiess and Meggers [10] for 
transitions between Jevels belonging to terms of all multiplicities 
which may be expected to occur. Identification of any pattern by 
iid of the tables establishes the term transition responsible for the 
line as well as the g factor for each level. 

If the coupling is not of the LS type, the splitting factors, or g 

values, may still be derived from observed patterns if the J’s of the 
combining levels are known. If more than one pattern involving the 
same level is observed, it is generally possible to determine an un- 


"7 he symbol m in this expression refers to the mass of the electron. It is not used in this sense elsewhere 
his paper. 
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known J. Characteristic distributions of intensities of components i 
the pattern are shown, depending on whether the combining ,J’s 9», 
equal or unequal. These features are easily recognized by the oy. 
perienced observer. The solution of simultaneous linear equations 
involving the g’s and magnetic quantum numbers of combining leye|; 
was first illustrated by Back [11] and is also discussed in the paper }y 
Kiess and Meggers just referred to [10]. 

Theoretical g values may be calculated by the following formula, jy 
cases of Jj-coupling: . 


, J(J+1)+9:(9: +1) —JpSp+1) , 
—_ 2S (I+ 1) “ 


The subscripts 2 and p refer, respectively, to the added electron and 
the parent configuration. It is not always possible to select the values 
of 7, and J, which combine to give J for a particular level. One cap, 
however, tabulate the complete set, calculate the g’s and then make 
the most reasonable correlation with the observed g’s. One is required 
to make some assumption regarding g,. If the parent level has LS 
coupling, it is found at once from the Landé formula. This assump. 
tion has been made in our calculations, because the parent levels ar; 
the lowest in doubly ionized xenon. Zeeman effects cannot be ob. 
served for lines involving these levels, because they appear in the 
extreme-ultraviolet region, but in spectra where g values have been 
determined for the lowest states, they are always of the Landé type 
Other possibilities are that the parent level may have pure Jj coupling 
or some type of intermediate coupling. The g values for s*p‘, on the 
assumption of pure Jj coupling are the same as for s’p? and may be 
obtained by the above formula using the J’s for two p electrons, 
Calculation of g’s, on the assumption of pure Jj coupling for the 
parent levels, were made for some of the levels of Xe1 but are no! 
included in the tables, because the results indicated this assumption 
to be less probable than that of ZS coupling for the normal configura- 
tion of the Xe**+ ion. It is probable that the coupling is actually o/ 
intermediate type as is to be expected in spectra of heavier noble gases 
The matter will be discussed further, when the results are treated in 
detail. Other observers have had considerable success in the caleu- 
lation of g’s for cases of intermediate coupling, and in the interpreta- 
tion of observed patterns. An excellent example is the work of Green 
on the first spectra of noble gases [12]. 

Determination of a complete set of g values, for the levels arising 
from a given electron configuration, permits the application of the 
g-sum rule [13]. According to this rule, the sum of the g’s, associated 
with levels from a particular configuration, which have the same J 
value, is independent of the coupiing scheme. This sum may be ob- 
tained, of course, by adding the Landé g’s for the levels of given J 
predicted by the Hund theory for that configuration. Application oi 
the rule is extremely useful in determining parentages and electron 
configurations associated with the levels of a spectrum. 

In the present investigation, the problem of determining g values 
was of considerable difficulty because not only was the vector coupling 
not of the LS type, but most of the patterns were only partially 


HT+1) + Ip(Jyt 1) juliet 
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resolved. Fortunately, the previous analysis of Xem and Xe had 
riven a generally correct assignment of J values. For the calculation 
of g values of ‘partially resolved patterns, one must resort to the 
formulas of Shenstone and Blair [14]. These formulas are based on 
the theoretical distribution of intensities of components calculated by 
Hénl [15], and express the displacement of the center of intensity of 
an unresolved group of components in terms of the g’s and J’s of the 
combining levels. The formulas are of comparatively simple form. 
It turns out that, where A\/=1, the center of intensity of an unre- 
solved group of n components is one-fourth the distance from the 
strongest to the weakest component. Where A/=0, the pattern of n 
components is symmetrical about its own center, so that twice the 
measured displacement of an unresolved n component gives directly 
the sum of the two g’s. Shenstone and Blair remark that the use of 
their formulas is most satisfactory for term transitions involving 
nearly equal g’s, especially in cases where the pattern is rather com- 
pact, and far from complete resolution. It is apparent, of course, 
that such formulas can be correct only to the extent that the actual 
intensity distribution in the pattern is the same as that theoretically 
predicted. We assume this to be true in employing the formulas, 
although the rather large departure from LS coupling in these spectra 
may result in intensity distributions among the Zeeman components 
somewhat different from those given by the Hoénl formulas. In the 
analysis of nearly resolved open patterns, it is sometimes best to 
assume that the measured positions of the components are the actual 
positions of the strongest components. 

' The Shenstone and Blair formulas may be applied if one of the g’s 
is known and if we have the distance of the center of intensity of 
either the n or p components from the undisplaced line position, or if 
hoth p and nm components are partially resolved, giving two equations 
involving the respective q’s. In che latter case, it is necessary to 
decide which g to assign to its respective level, if both are previously 
unknown. Usually a given level appears in a considerable number of 
transitions. This makes possible the writing of systems of simul- 
taneous equations involving several observed patterns. Using the 
iethods of least-squares adjustments, these observation equations 
may be transformed into normal equations and be solved to give the 
most probable set of g’s. It is quite possible to adjust the entire set 
of observations in one normal solution. Because of the length and 
complexity of such an operation, it was found simpler in this investi- 
gation to make several small adjustments, each involving not more 
than about six observation equations. 


IV. Xe 1—DATA AND RESULTS 


All observed patterns in Xerrt which were satisfactory for measure- 
ment are listed in table 1. Here are shown in successive columns the 
wave lengths, wave numbers, term combinations, Zeeman. patterns 
observed by Humphrevs and Meggers, Zeeman patterns observed by 
deBruin, and the Zeeman patterns, calculated from the set of g v alues, 
which appeared to be most consistent from the data as a whole. 
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3500. 36 


3506. 56 | 


3508. 
3564. ¢ 


3612. 37 
3644. § 
3672. 57 


3711. 6 
3717. 


3720 
3731 
3763. 
3811. 
3858. 5 
3869 
3907. g 


3954. 5 


3972. 58 


3990. ¢ 


| 26894. 35 


| 24043.04 | (P)6p 2Sti5— 
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TABLE | 


Observed | 
Zeeman pattern} 
Humphreys- 

| Meggers 


Term combination 
| 


-ng— GP)6p tSisg 
85 | (P)6s 4Pox—('D)6p 2Pixg 
.00 G@P)6s 2Pox—CD)6p 2 Pig 
02 @P)6s ‘Pug—CP)6p ?Dixg 


79 | @GP)5d 4Ds1s— CP) 6p * D3. 
27.75 (8P)5d *Pi4x—CD) 6p 2Pisy 
7221. 16 GP) 5d 4Diy—C@P)6p 2Pis, 


26934.63 | (GP)6p'Pix—20) 


(@P)5d *@Pi—-C D)6p 2D} 
26868.33 | (@P)6s *P:4—(D)6p 2P} 


26793.58 | (@P)5d 2Po4—(D)6p ?Pbrs 
26564 @P)6s 4Piy— (GP)6p *Sisg 


5 | 26232.07 | @D)6s *Diss—7i 


25909. 26 sp* *Soun—CP)6p {Diss 
25834. 97 CGP) 5d ‘Pow—CD) 6p 2Pirg 
25581.91 | @P)6p ‘Din — (@P)6d 1Fosg 


25279. 05 (D)5d 2F 254-153 


| 25165. ((D)6p ?Fixs—(D) 6d 2*Fayg 


25053. 52 | @P)6p Phx 5— 20036 
94978.29 | (1S8)5d ?Dis—358 


| 24836. 55 (@P)8d 2Die— CO D)6p *Phrg 
| 24762. 12 (P)6p *Pis—18 “4 


24760. 28 | (P)6p 2Six— CP) 6d 2 Diss 
24717. 12 @P)6p ‘Pi —1611 


| 24389.99 | @P)6p #P%—12:34 
| 24381.37 | (P)5d4Diy—(GP) 6p “Db 


24353. GP)5d *Pi4—(1D) 6p 2Py 
24200. 35 ((1D)6s *Day—('D) 6p * Dixy 


GP)6d 2Po. 
24019. 2 (3P)5d *Diys—CD) 6p 2Dirg 


| 23841.7 
| 23754.88 | (P)6p *Piss-—(@P)6d4Da 


| 23749.29 | 3P)6p ‘Py —@P)6d ‘Dis 


2 | 23725. 3 CP)6p 4Diss— CGP) 6d #Pr 


41 | 
245.38 | 235 


4251. 57 
4263. 44 
4269. 84 
4296. 40 
4310. 51 


4321. 82 
4330. 52 
4367. 05 


| 93719.88 | (8P)5d 2Pox—(CD)6p 2Pix 


23714. 76 (@P)68 #Pox—(@P)6p ‘Dis; 


| 23673.20 | (@P)6p ?Pix—149% 


@P )6p ‘P3; “— CP ed Da: 


(3P)5d *Piss—(3P)60 *F i; | (0.00) 
(P)6p *Pi4—(P)6d *D (0. 00) 


2) @P)6p *Pixn—(UD)6d *Disg 
23448. 66 | 
23413.51 | (P)68 4Pow—(3P)6p 2Pix, 
23268 | @P)6p *Pin—(CP)78 *Poss 
23192.61 | (@P)6p *Dis,—('D)78 *Days | 


23131.92 | (P)6s *Pex—(@P)6p 2Disz 
23085.45 | @P)6p ‘D3u4—(P)6d 4F sr, 
22892. 34 | (@P)6p ‘Di—(8P) 6d {Far 


—Zeeman patterns in Xe J 


Observed 


Zeeman pattern 


deBruin 


(0.51) - 
(0. 00) 0. 64 


(0.00) 1, 42 


0.22) 0.92, 1.36 


(0.00) 1. 53 


(0. 25) 1. 50 


(0.34) 1.04 


(0.00) 1.08 


0.85(0. 39) (0.19) 


1.03 
(0.18) 1.68 
(0.00) 1.00 


(0.24) 1.00, 1.47 | 
(0. 33) 1. 27, 1.92 


(—-) 0.43 
(0.19) 1.64 


(0. 23) 0.79 


(0.46) 1. 26 


). 84) 1. 23 
, 45) — 


00) 0. 92 
(0. 00) 0. 90 


00) 1. 58 
0.00) 0. 82 
0.00) 1. 41 
.00) 1.73 


. 14) 0. 52 
0. 34) 1. 38 


. 00) 1.12 


. 00) 1.05 


. 21) 1.36, 1.77 


. 22) 1.44 


(0.00) 0. 90 


| (0.01, 


(0.14, 0.42) 1 


1.70, 1.98 
(0.50) 0.87, 1.87 
(0.00) 0.64 


| (0.01, 0.03) 


1.40, 1.42, 1.44 
(0.01, 0.02, 
1.38, 1.30, 14 
1.41, 1.42, 1.4 
(0.22) 0.93, 1.35 
(0.11, 0.33 
1.28, 1.50 
(0.15) 1.46, 1.75 
(0.01, 0.03) 


(0.00) 1.08 


(0.20) 1.69 


(0.23) 0.94, 1.39 
(0.33) 1.27, 1.93 
(0.53) 0.46, 1.5 


} (0.04, 0.12 


1.64, 1.72 


(0.23) 0.79, 1.2 
| (0.27) 0.90, 1.44 
| (0.08, 0.25) 


1.28, 1.45 


1.19, l, 
1.25, 1.27 
(0. 84) 1. 28 


| (0. 10, 0.31) 


1. 05, 1. 26 
(0. 09, 0. 28) 1.15 


(0. 17) 0. £0, ‘i 15 
(0.01) 1.39, 1.4 


(0. 02, 0.07, 0.12 
1. 35, 1. 40, 1. 45 
1. 50, 1. 55 


(0. 14, 0.42) 0.50, 


0. 78, 1. 06, 1.34 


(0. 02) £ 04, 1d 


(0. 66) 1.79 

(0. 22) 1.40, 1.8 

(0.05, 0. 16, 0.27 
1. 22, 1.33, 1.4 
1. 55, 1.66 


4y 


| (0. 54) 0, 83, 1.91 
(0. 13, 0.39, 0.65 


0.81) 0.48, 0.74 
1.00, 1. 26, 1 
1.78, 2.04 
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TABLE 1.—Zeeman patterns in Xe 11—Continu 


Observed 
Zeeman psttert 
Humphreys- 
Meggers 


Term combination 


| @P)6p 4Pé15— 18014 3: (0. 22) 1. 23 (0. 28) 1. 22 
| sp® 2So.4,—(3P)6p tt } (¢f l | (0. 28) 1.71 (0. 24) 1. 76 
GP)6p *Siw—C@P)6d 27Da (0. 00) 1.13 (0.02, 0.06) 1.12, 
Bh iy oy es ie 
(11D) 5d 2F'24—4331 (0.00) 1. 04 (0.01, 0.03, 0.4 
1.01, 1.03, 1.05, 
1.07, 1.09, 1.11 
(P)5d *7Da;—-CD)6p *Dix . 29) 1, 28 (0. 27) 1. 24 (0.06, 0.18, 0.30) 
| 1.04, 1.16, 1.28, 
} 1.40, 1.52 
00) 1.14777 (0. 00) 1. 69 
00) 1.06277 | (0. 00) 1. 07 
(P)5d *Da4—CD)6p *Dixs 00) 1. 79h 
GP)6p 4Diu—@P)6d 4F aig | 
(P)6s *Pos—C@P)6p 2Pirg | (0.58) 0.79, 1. 92 54) 0.74, 1 | (0.53) 0.86, 1.95 
(}D)6s 2Day—('D)6p #F jig | (0.00) 1.12 (0. 00) | (0.03, 0.09, 
| 1.03, 1.09, BF 
} ey a oy a es 
@P)6p *Dix—('D)7s *Darg | (0.00) 1. 22 LS (0.03, 0.10) 
| 1.26, 1.33, 1.40 
GP)6p *Diy—CP)6d 4Darg | 00) 1. 62 (0. 00) 1. 47 (0.05, 0.16, 0.5 
1.08, 1.19, 1.3( 
1.41, 1.52, 1.63 
91943. 24 | @P)6p #Diss—2001; (0, 23) 1. 13 (0.26) 1.09, 1.62 
21841. | @P)6p4Diu—@GP)6d 4 i} (0.00) 1. 29 (0.02, 0.06, 0.10) 
| 1.33 
21801.88 | @P)6p *D3s,—(@P)6d *Ds: . 00) 1. 33 


| 21718. 7 @P)6s 4Pis—(@P)6p 4Dig | (0.00) 1.39 (0.00) 1.35 


| 91660. (D)6s 2Day—(1D)6p 2Pix | (0.00) 1.15 (0. 00) 1. 


21770 | (@P)6p tir ) (0.00) 1 
| 
| 
| 


01576.87 | @P)5d 4Fa5--(3P)6p 21 
21490. (@P)68 27Piw—@P)6p *Dj (0.00) 1.5 (0. 39) 1. 


21414, 23 | ('D)5d*Diy,—('D)Gp 2Pirg | ) 1. 4% (0. 26) 0. 98 
| 21386.42 | (®P)5d 4Da4—(P)6p *D 25 


21279.67 | GP)6p ‘Di —12135 


) 1.44 


3 | 21213. 66 ‘ 
F1) 0. 61 


| 
| 
99962. 69 | @P)5d 2Dix—CD)6p 2Firy | 


a 


| 
20918. 26 | sp* 2Sou—(3P)6p *Pirg | (——) 1.48 
20880. 72 (D)dd *Diy—CD)6p 2Disg | (0.00) 1. 20 


| 
20749.63 | @P)5d 4Dise—CP)6p ‘Dis | 
| 

| 20726. | 
20726. | 
3 | 20636 (@P)6s 4P2s—CGP)6p *Diiy | 


@P)6p *Piss— GP)78 4Parg 

| (0.00) 1. 
| 

20596 CD)5d 2Diw—CD) 6p 2 Dig 

| 

20560. 04) 


(0.00) 1.8 
20559. 66) 


| 
@P)6p ‘Pigs —(CP)78 4 Pag | 
20500.80 | (P)5d *D24—CD)6p 2Fixg | (0. 00) 0. 


3 | 20471 GP)6s 4P 4—OP)6p 4Si 58) 0.70, 1.83 (— ) 0. 61 


20455. 50 (@P)6s 2Pis— CGP) 6p Pig OO7T) 1. 50 (0. 37) 1. 44 





| 


| 20443. 83] (@P)6s ‘P2is—CP)6p ‘Diss | (0. 76) 1. 40H a we 
| 0. 88 (0. 28) 0.84 
} (0.00) 1. 25 i (0.08, 0.25) 1.15, 
| 1.32, 1.49, 1.66 
(@P)5d! Dox—(CD)6p *Pixs | (0.00) 1.30 x | ~— Sa cae 9, 


| 20320.95 | (@P)6s ?Pox— CP) 6p 2Pix4 


| 20313. 44 | (8P)6s *P1g—(@P)6p 2Diss 


| 20104. 17 | 





77 | 20039. 


5581. 
5616. 


5659. 
5667. 
5719. 
5726. 


5751. 0: 
5758. 65 


5776. 
5905. 
5945. 
5976. 


6036. 
6051. 


6097. 


. 82 
. 54 


6300. 86 
6343. 96 


6512. 83 


6595. 01 
6805. 74 


6990. 88 | 
| 
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Wave 
number 
(vac) 


em-! 
4 
19816. 4 
19677. 1 


| 


| 


19257. 39 | 


19004. 
18999. 


18890. 


18829. 
| 18813. 


18723. 67 


18608. 5% 
18447. 


18380. 


| 18308. 63 


| 18267. 78 


7383. 
17360. ¢ 


7307. 
16929. 7! 
16814. 7 
16727. 


16562. 


16521. 


16395. 
16385. 


15942. 
15925. 


15866. 
15758. 


15350. 


| 
15158. 80 | 
14689. 43 


14300. 41 | 


TABLE 1.—Zeeman patterns in Xe 11—Continued 


Term combination 


@P)6s *Pox—CP)6p *Dix, | 


('D)68 ?Diy— (1D) 6p 2Piss 
@P)6p ‘Di4—(CP)78 "Pus 


GP)6s Pox—CP) Gp *Dixy | 


(@P)68 *Pos—CGP)6p *Pirs 


(D)6s?Dix4— (0D) 6p? Dix | 


(@P)6s *Pas—(@P)6p * Pix 


@P)6s *Pis—CP)6p ‘Sis 


(P)6p ‘Digs—(P)78 Pars 


(P)6s *Pa—(P)6p ‘Piss 


(@P)6s ‘Piss—(P) 6p 4Pixg 
(P)6s 4P ,—(GP)6p ‘Diy 


CP)6s 2P i. — (GP) 6p 2Shx 


@P)5d 4Day—(GP)6p *Dixs | 


@P)5d *‘Day— CP)6p ‘Diss | 


(*P)5d ‘Days—(P)6p *Dixs 


CP) 5d *Pix—@P)6p * Diss 


(P)5d 4Pox—(P)6p 2P hs 
(P)5d ‘(Dis—CP)6p *Pirs 
(P)5d 4Di4—(P)6p *Diig 
('D)5d *F 24--( D)6p *Disg 


(P)5d ‘Pox—(P)6p *Dir 
(1D) 5d *Dox4—('D) 6p *F ig 


(3P) 5d ?Pox—(P)6p 2*Ptys 
3P)6s ?Pox—CP)6p 2Shx 
GP) 5d ‘(Dou—(@P)6p ‘Phx 
(3P)6s ‘Pix—(P)6p *Piss 


(P)5d ‘Das—(P)6p Pig 


(GP) 5d ‘Dus— CP) 6p 4 Piss 


(P)5d ‘Das—CP)6p Piss 


(P)5d 2Di4—(@P)6p 2Diss 


((D)6s *Di4—CD)6p Fix | 


(@P)5d *Dix— CP) 6p Pig 


(P)5d 1Py~—(3P)6p 28hx 
GP) 5d ‘(Diyx—(CP)6p *Pisg 


CP) 5d *Dis—(P) 6p *Phis 


(@P)5d ‘Fas—CP)6p ‘Dis | 


(P)5d 4Fsx;—(CP)6p ‘Diss | 





} 

|. Observed | 

Zeeman pattern} 

Humphreys- 
Meggers 


(——) 1.72 


(0. 82) 1. 45 
(0.00) 1.76 
(0. 00) 0. 94 


(0. 00) 1. 52 


(0. 41) 1. 42 


| (0.00) 1.52 


| (0, 00)1, 37 
(0.00) 1. 14 


(0. 24)1.32,1.80 | 
(0. 00) 1. 45 


(0. 00) 1. 39 
(0. 00) 1. 60 


(0. 00) 1. 54 
(0, 36)1. 46 
(0. 15) 1. 05 
(0. 00)1. 32 
(0. 00)1. 15 


(0. 00) 1. 22 
(0. 00) 1. 27 


(0. 00) 1. 33 
(0. 77)1. 31 
(0. 46)0. 96 
(0. 30)1. 50 


(0. 27)1. 41 


(0. 00)1. 29 





| (0. 37)1.07 
(0. 00) 1. 26 


(0. 00)0. 92 
| (0.00)1. 70 


(0. 51)—— | 
(0. 63) 1.00, 1. 57 


(0. 00) 1. 2% 
(0. 00) 1. 02 
(0. 00)0. 85 


(0. 00)1. 10 


Observed 
Zeeman pattern 
deBruin 


(0.09) 1.02 
(0. 00) 1.10 
(0. 86) 1.43 
(0. 35) 1. 55 
(0. 07) 0.92 


(0. 20) 1. 48 


(0. 00) 0. 80 


(0. 00) 1. 50 


(0. 00) 1. 32 
(0. 00) 1. 06 


(0. 27)1. 25 


(0. 15) 1. 00 





| (0.10, 








Calculated Zoom; 
pattern 


| (0.40) 0.96, 1.77 


(0.13) 0.84, 1.19 
(0,10, 0.30) 0,54 
1.14, 1.34, 1.54 

(0.91) 1.54 
(0.42) 0.98, 1.8) 


1.18, 1.32, 1.46 
(0.24) 1.34, 1.82 
(0.02, 0.07, 0.12 

1.26, 1.31, 1.3 

1.41, 1.46, 1.51 


1.02, 1.17, 132 
1.47, 1.62, 1.77 


0.31) 1.10 
1.31, 1.52, 1.73 


(0.03, 


(0.01) 1.39 
(0.75) 1.31 
(0.50) 1.00 
(0.11, 


(0.15, 0.46) 1.01 
1.32, 1.63, 1.94 
(0.43) 0.77, 1.63 
(0.22, 0.67) 0.96, 
1.40, 1.85 
(0.12, 0.35) 
1.27, 1.40 


0.27, 


14, 1.24, 
1.44, 1.54, 1.64 
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As the two sets of data were obtained in different laboratories and 
by different observers using techniques not exactly the same, it has 
heen decided to make a separate tabulation. In general, vasonably 
ood agreement has been obtained from lines involving aden of low J 
yalue which have relatively simple patterns. In a majority of in- 

‘ances both deBruin’s displacement of compone nts and g values are 
<0 somewhat lower than those observed at the NBS. No very plausible 
reason for the discrepancy has been found. The field strengths in the 

se of the Washington observations were calculated partly from 
patterns obtained with metallic spark sources and partly from the 
sodium lines appearing in the tube discharge. No appreciable dis- 

erepancies were found for the resulting field streneths calculated from 
patterns yielded by these different types of sources when both were 
operated during the same run of the magnet. 

The calculated Zeeman patterns appearing in the final column of 
table 1 were obtained from the g values derived from the observations 
by Humphreys and Meggers, where such observed g’s were available. 
The remaining calculated patterns, some 20 in all, were computed 
from g values derived from deBruin’s data. In some cases the g 
value could be established only from deBruin’s observations. The 
best instance is that of the level ( ('D)6p ?Pox%, which was observed by 
deBruin in several combinations giving well-resolved patterns, whereas 
the same lines were too weak to appear on our plates with the expo- 
sures used. 

Observed and calculated g values in Xe 1 are listed in table 2 with 
the corresponding level values and designations. In successive col- 
umns are shown parentages, electron configurations, quantum desig- 
nations, and numerical values of the various levels. These are fol- 
lowed in order by the appropriate g values, observed by Humphreys 
and Meggers, observed by deBruin, calculated by the Landé formula, 
and calculated for Jj coupling. The term table does not list all known 
levels but is complete as far as the levels due to 6s, 6p, or 5d are con- 
cerned. That is, a place is assigned to all such levels in the table, 
even though some of them are still unknown. This was done in order 
that complete theoretical calculations might be shown. Only those 
levels of higher n value are listed for which g values have been deter- 
mined from observations. A few levels are given a different designa- 
tion from that indicated in the earlier publication, although all J 
values have been retained. These changes are discussed in succeeding 
paragraphs. Previous assignments [2] are listed in the final column 
of table 2. The theoretical calculation of g’s for Jj coupling is correct 
for the groups as a whole, because it can be verified by the g-sum rule. 
Individual correlations of levels for ZS and Jj coupling are necessarily 
somewhat arbitrary, since it is not certain how series-forming terms 
approach their limits in spectra of noble-gas pi The correlations 
are based largely on evidence from observed g’s. It is apparent that 
In a spectrum ‘showing higher series numbers, 1f successive members of 
the same series yielded the same observed g values, in other words, if 
Preston’s law were obeyed, these g values might assist. in determining 
how the levels of a multiple limit are approached. This statement ap- 
plies only to cases where the valence electron is added in Jj fashion or 
very nearly so. 
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g values —Xe 11 levels 


Xe u levels 


Hum- 
vr 
5 


Previous desig. 
nation, 


RP1164 


q; 
formula 


Jj couplin 


T 
j 


Calculated g, 


Observed g, deBruin 
Calculated g, Landé 


Magnitude 
Observed 
| phreys and Meggers 


| 


80194. 57 : 2. 00 
78000. 00 . 56 2a . 6 1. 60 
76004. 06; 1. 39} - er 1. 40 
69910. 89) 2.45; 2.37) 2.67} 2.00 
68269. 34 5 . 58 . 30) 1. 67 
66818. 34 : 5 . 6 l. oo 
63061. 15 if 20! 1. 20 
58143. 70 i 80; 0. 80 
46998. 31 —| - 2. 00; 2. 00 
71663. 50 : - .oa| 1. 33 
72245. 5-¢ ; 1. 29 
69532. 1. 20 
0. 99 


75630. SO é . 43) 1. 32 

10671. 73 . 34 i 1. 30 

75034. 

74210. 

64593. 2: 

63686. 65 we | 

64162. 2! . 82) 1. s | 2. 20! 5s? 5p4 (P)5d 271 


s| 61505. 2: 3 : ce: . 23) 5s? Sp! (!D)6s?] 
63163. } 1.23) 0. 80 
1. 33 
0. 67| 0. 5s? 5p (3P)5d ‘P 
1. 11 
0. 89 
1.14 
0. 86 
| 1. 20 
| 59741. 4 5. 24, 0. 80 
43541. 1. 33 
44057.7 | - 0. 67 
41819. 9 | 2.00 
51982. ¢ = on 
| 46766. 2: : 0. 80 
57363. 07; 1. 39! 1.39’ 1.43 
3u| 57556. ol 4s 1. 37| 1. 33 
54285. 26 4 . 36 1. 20) 1. 47 
50653. 53' «OO. 6: 0. 00! 0. 67 
59109. 56) 1. 48!/ 1.45) 1.60) 1. 44 
s| 59276. 32) 1.62) 1.60) 1. 73) 1. 67 
5s? 5p @P)6p__'| 57395. 55! 1. 49) 2.67) 1. 67 
<| 49439. 60) 1. 28) 1. 23) 2.00] 1.33 
<1 47955. 90 _41} 1.39) 1. 20] 1.40 
46778. 37) 1, 27| 0.80) 1. 22 
47813. 76 , 39] 1.% 1, 33| 1. 38 
46497. , 0. 67; 1. 22 
19888. 5§ 2.00 1. 78 








Zeeman [Hiffect in Xe 1 and Xe ut 
TABLE 2.—g values—Xe u levels—Continued 


Xe levels 


Hum- 
Landé 


J; 
hreys and Meggers 


Previous desis 
nation, 


RP1164 


g, 
ilated g, 


ide 
formula 
Bic 
Jj coupling 
J } 


Designation 
C 


‘aleulated 
: 


Magniti 
iObserved g, deBruin 


i\Observed 


| P 


41004. 3 
42201. ‘ 
38860. 
39144. 
41401. 
38327. 31 
30858. 18 
s| 38549. 7 
37879. 2 
36007. 5 | 
24763. 0 
21266. 


34470. 7 
31974. 3 


35561 
30021. 4 
353600. ¢ 


27669. 
26928 
30185. 
266838. - 
25128. 


2.9 ~~ 
We Sh © 


25845. 

ie ox) 21371. 
(D)6d- D <| 229838. 
~ 12i<| 33005. 

| 24140. 

34559. 

| 34514. : 

32342. 


Sa | 


o— 


0. 99) 1. 02 
. 98 
. 68 
. 94 
. 89 


wo— Sit 


~ 
~ 


33574. 65 . 06 
31038. 29) . O8 


Table 3 shows the application of the g-sum rule to the 6s and ( 
levels of Xe tt. The essentially satisfactory manner in which ihe 
rule is obeyed, in spite of the fact that a high degree of precision cannot 
be claimed for our measurements, confirms the assignments of quan- 
tum numbers and electron configurations indicated in the previous 
publication [2]. In cases where only a single observed g is needed to 
complete the sum, a value is given, in parentheses, which will ss atisfy 
the rule. Differe neces of one or two units in the last place in the sums 
of theoretical g’s are due to rounding off the g’s to two places of 
decimals. In the final columns are listed the values of the quantities 
substituted in the formula for g in case of Jj coupling. 





a 
© 


34 
4 


eg 
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TABLE 3.—-Application of the g-sum rule in Xe 1 





} 


Calcu- 
Calcu- 
Configura- Level : ee lated g, — 9; 
tion designation seaasine Landé J 


: i formula | ‘OU 


pling 





5s? 5p 6s (3P) $Pox, . ° . 60 
(1D) *Doxg , 20 





tS 


Sum 


‘Pix 


CP) {2p 








§ Pox, 


(18) Sor 





F | NRPS | Sr 


Sum 











5s? Sp 6p @P) *Dixs 
. ((D) *F iy, 


— ee 





bo 

Sd 

no 
SPN SN 


NN BONO Nt 
toN tO BS 





for) SD et et et et 
Py eerrS 


lcoell anal onal anall oxell anil seal anol [>] CO eet eet 


Orne 
CONN OF bobo 
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— 
oO 
es 
Oo 











' 
| 
| 
| 
| 
| 
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(0. 
Sum| (0. 
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Application of the g-sum rule has shown the need of a few changes i 


of assignment of quantum numbers. The designations of levels 
61505.25 and 63061.15 are interchanged, also 64162.29 and 65120.86. | 


In the earlier work there was no basis for distinguishing such levels, | 


which showed similar combining properties. 
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The level 32342.0, previously designated (P) 6d ‘Dox, has a g 
ralue, 1.89, which makes that designation untenable. In the present 
paper, it is simply assigned a number, 2p. 

@ Tables 1 and 2 incorporate the revisions in classifications, resulting 
9, | {rom new designations of certain levels, which are required to bring 
@ the corresponding tables of RP1164 [2] up to date, to the extent per- 
@ nitted by the limitation of table 1 to the list of lines for which Zeeman 
— @ patterns have been observed. These changes will necessarily affect 
@ ihe classifications of a number of other lines, involving newly desig- 
nated levels, for which Zeeman effects have not been observed. 

Zeeman patterns have been observed for several unclassified lines. 
The line at 4037.29 A exhibits a sextet pattern, indicating a transition 
J=% to J=1%. There is a little evidence that it is a combination of 
, new level, 34514.23 with the known level 59276.32. 

A multiplet array of newly classified lines is shown in table 4. 
Support for the classifications is furnished by the distribution of line 
intensities in the group, by the repeated appearance of “constant 
frequency”’ differences, and by Zeeman patterns for the three strongest 
lines. Itis probable that the suggested new levels are attributable to 
electron binding. 
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TABLE 4.—New multiplet in Xe 
ays pedi 





7 


~ie* 
o 


| 
New level Fite arr Fy, 56317.32 2F yy, 56154.44 


_————<——— | - -___— Re ao 


(500H1) (2h) 
4395. 77 4427. 52 
33574. 65 2B yx 22742. 77 22579. 69 


(150H2) (500H) 
4416. 07 4448. 13 
33679, 22 2F ay 22638. 24 22475. 07 


(1000H) 
4462. 19 
33750. 19 *Gas 22404. 25 
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V. Xerm1—DATA AND RESULTS 





ee Oe 
OF. OOF oF. OO ~~ 


The third spectrum of xenon, which appears along with the second 
i condensed spark discharges, exhibits its most intense lines, barring 
the extreme ultraviolet lines involving the normal state, in the region 
between 3000 and 4000 A. This region is rather favorable for the 
observation of the Zeeman effect since most gratings and photo- 
sraphic emulsions perform best in this range. Among these intense 
ines the most conspicuous are combinations of levels of the 5s*5p* 
‘S°)6s group with those of the 5s? 5p* (*S°)6p configuration. Next to 
these in intensity are the combinations of levels from the same con- 
igurations in the (?D°) family. These two types of transitions supply 
o3 | § ‘most all our Zeeman patterns, inasmuch as the (??P°) family of levels 
ls | 9 gives combinations of considerably less intensity. 

6. _ The observed and calculated Zeeman patterns in Xe 111 are given 
s, | | 2 table 5 along with the wave lengths, wave numbers, and appropriate 
'] <esignations of the respective lines. Table 5 is constructed according 


~~. ee ee 
RNa 
rere IR 


Raat cs cee 
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to the same plan as table 1 for Xe 11. In cases where evidence afforded 
by this investigation indicates a different classification for a line. the 
revised designations appear in the table. These revisions are taken 
up in detail in the following discussion. 


TABLE 5.—Zeeman patierns in Xe 111 


| Observed Zee- | Observed | 
man pattern | Zeeman 
Humphreys | pattern 
and Meggers | deBruin 


Wage | Wave 
length | number | Term combination 
(air) | (vac) 


Calculated Zeeman pattery 





A | ¢m-! 
3331. 65 | 30006. 413—(D)6p *Da_ | (0.00) 1.3 | (0.00, 0.32, 0.64) 0.58, 0,99, 
| 1, 22, 1. 54, 1.86 
29025.78 | (2D)6s *Di—(*D)6p 3Dy ’ . (0.00, 0. 79) 0. 38, 1. 17, 1.96 
(0.12, 0.24) 0.84, 0.96, 1.08 
1, 20 


3444. 23 | 
3454.25 | 28041.58 | (D)6s'DI-C@D)6p'1Dy | (0. | (0.16) 1.03 
3458. 71 | 28904. 26 . 8: 4 | 


3467. 20 | 28833.49 | (D)5d°D}—(?D)6p 'D; : a | (0.00) 1. 29 | (0.00, 0. 14, 0. 28) 0.94, 1.08, 
1. 22, 1.36, 1.50 
3468, 19 | 28825. (4S)6s 5S3$—(4S)6p #P, 1 | (0.00, 0. 36) 1.59, 1.95, 2.31 
3509. 28483. 69 | i : 
3542. 33 | 28221.97 | (#D)6s 3D3—(?D)6p 3Ps3 ; " | (0.00) 1.31 | (0.00, 0.05, 0.10) 1.23, 1.28 
| 1.88, 1.88, 1.43 
| 28144. 41i—4, 2 (0.00) 1.07 | (0.00, 0. 48) 0. 42, 0.90, 1. 38 
| 28071. 01 | 413—(?D) 6p 'F; ; é | (0.00, 0.19, 0.38) 0.71, 0.9% 
1,09, 1. 28, 1.47 


3552 
3561. : 


3565. 28041. | (0. . j | 
3579. | 27927. (?D)6s 3D}—(?D) 6p *F 3 . . | (0.00) 1.04 | (0.00, 0.10, 0.20) 0.88, 0. 98, 
} } | 1,08, 1.18, 1.28 
3583. 64 | 27896.65 | (?D)6s *Di-(D)6p *F, 1 : | (0.00) 1.10 | (0.00, 0.05, 0.10, 0.15) 1.13, 
| } 1.18, 1.28, 1. 28, 1.33, 1.38, 
1, 43 


27796. . 00) 0. (0.00) 0.69 | 

27715. (?D)6s 3D3—(@D)6p 2D, ' : | | (0.11, 0. 22, 0.33) 1.00, 1.11 
| 1.22, 1.33, 1. 44, 1. 55 

27697. @D)6s *Di—6, (0.00) 1. | (0.00, 0.02, 0.04, 0.06) 1.25, 
| 1, 27, 1. 29, 1.31, 1.33, 1.35 

| 1. 37 

| 27592. 6 ?D)6s *DI—(@D)6p*Ds | (0.00) 1. (0.00) 1.30) (0.01, 0.02) 1. 16, 1.17, 1.18, 

} 1,19 


27585. 60 | (4S) 68 §S§—(4S) 6p 5P3 (0.00) 1.1 (0.00) 1.07 | (0.00, 0.38, 0.76) 0.81, 1.19, 
| 1.57, 1.95, 2.33 

27524. (?P)6s *P§—26; - | (0.00) 1.5 | (0.00) 1.38 | (0.00) 1. 51 

27457. @D)6s *Di—(@D) 6p *F: . . 06 | (0-00, 0. 46) 0. 38, 0. 84, 1.30 

27392. (0. Se 

27354.79 |  (#D)5d 8S{—(@D)6p *P; ; : | (0.00) 1.50 | (0.26) 1.30, 1.56 

27191. (4S) 68 #S?— (4S) 6p *Po . : | (0.00) 1.74 | (0.00) 1.77 
@D)5d'D3—(?D)6p'D2 | (0.683) 0. | (0.38) —— | (0.27, 0.54) 0.54, 0.81, 1.08, 

j 1, 35 


| ©. . | (0.00) 1.39 | 

@P)6s *Pi—26; | (0. é (0. 04) 1. 47, 1.51 

253-361 | (0. _ (0.28) 1.11 ’ 
@P)6s *Pi-@P)6p*Ds_ | (0. -03 | (0.00) 0.97 | (0.00, 0. 29) 0.89, 1. 18, 1. 47 
(4S)6s *Si-—(4S)6p *P: =| (0. -36 | (0.00) 1.29 | (0.00, 0. 27) 1.23, 1. 50, 1.7 
(?D)6s *D3—(@D)6p *F2 . 62) 1. | (0. 34, 0.68) 0.50, 0.84, 1.18, 
| Le 
3861.05 | 4 . 37 | 413—(2D)6p *D; ’ : | (0.27, 0.54) 0.63, 0.90, 1.77, 

1.44 
2D)6s*Di-@D)6p'F: | (0. " } (0. 24, 0.48, 0.72) 0.61, 0.85, 
sai fem 1.09, 1.33, 1. 57, 1.81 
@D)6s 3Di—(?D)6p *D,; 


(48)68 §S3—(4S)6p *P2 | (0. : (0.48) 1.74} (0. 25, 0.50) 1. 45, 1.70, 1.95, 





| 
3877. 80 | 


ge 


3880. 46 
3895. 03 
3922. 53 


3950. 56 
3985. 96 | 25080. 
3992. 85 | 25037. 
4028. 58 | 24815. 


2. 
(48) 6s §S§—(4S)6p SP; . é (0.00, 0.33) 1.62, 1.95, 2. 28 
—32 j 


O41 | . : an 
?D)6s!'D3—@D)6p *P, | | (0.00, 0.34) 0.62, 0.96, 1.3 
@D)5d sDI— CD) 6p iP; ‘ (0. 26, 0.52) 0. 86, 1.12, 1.38, 
1. 64 
C@P)6s *Pi—CP)6p *Di | , (0.00) 0.65 
| (#8) 6s 387-48) 6p #P, ; . (0.18) 1.68 | (0. 18) 1.59, 1.77 
i (0.00) 0.94 


en 
oun 


4043.21 | 24725. 
4050.05 | 24684. 
4060.43 | 24621. 
4109.07 | 24329. 


4142.01 | 24136. 
4145. 73 | 24114. 
4176. 53 | 23936. 


4203.92 | 23780. 
4226. 96 | 23651. 
4240. 24 | 23576. 


253-32; 

| €@D)6s *D3—(?D)6p 8D; 

| @P)6s *P3—26; 

(?D)5d *Di—(@D)6p *Ds 

(@D)6s 3Dj—(?D) 6p *Fs 

(1D) 5d *S}—4, 
173—(?D) 6p 'D2}_ 
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TABLE 5.—Zeeman patterns in Xe 11—Continued 





Observed Zee- | Observed | 
| man pattern Zeeman | 2 

| Humphreys pattern | Calculated Zeeman pattern 
| and Meggers deBruin 


Term combination 





em | 
23398. 39 (?D)5d *D3—(@D) 6p *F, | (0. 00) 1.36 (0.00, 0.06, 0.12, 0.18) 1.10, 
| 1.16, 1.22, 1.28, 1.34, 1.40, 


23325.84 | (#D)6s'Di—(@D)6p *Dz; (0.00) 1. 00, 0. > ) 0.70, 0.96, 





23.206. 12 233—28) —, 
9,33 | 23198.96 | (2D) 5d*Dj—6, a 


} | 22545. 88 (@D)5d *Di—(C?D)6p °F 3 (0. 00) 
| 22447, 41 (D)5d 3D3—4; (>) 12, 1. 
22198. 94 | 273-32 (—) 11 
22033. 24 (??D)6s 3D3—(?D) 6p *F 2 (——) 2. (0.00, 0.49, 0.98) 0.35, 0.84, 
1.33, 1. 82, 2.31 
21463. 46 (@D)6s 1D3—4) (——) 1.2 (0.00, 0.54) 0.42, 0.96, 1.50 
21390. 54 (?D)6s !D3—(@D)6p ' Fs; (—) 1. (0.00, 0.13, 0.26) 0.83, 0.96, 


| 1.09, 1.22, 1.35 
— a (48) 6s 3Si— (4S) 6p §Ps (0. 00) 1. (0.00, 0.07) 1.63, 1.70, 1.77 
21051. £ —) 1. 
20530. 40 | (?D) 5d §3D3—(?D) 6p *Fs (—-) 1. (0.00, 0.04, 0.08) 1.00, 1.04, 
| 1.08, 1.12, 1.16 
| 














deBruin’s Zeeman patterns for the lines arising from combinations 
of levels of the (4S°) family are quoted from his publication on the 
spectral structure of doubly ionized noble gases [3]. 

The earlier analysis of Xe 111 [4] accounted for the majority of the 
lines clearly attributable to this spectrum and the number of energy 
levels found was nearly equal to the number which could be accounted 
for on the basis of configurations which might reasonably be expected. 
In many cases, however, the assignment of quantum numbers was 
limited to the J-value, and in others the complete designation was 
siven with reservations. The reasons for this somewhat unsatisfactory 
state of the analysis are nonconformity with the ZS coupling scheme, 
which prevents appearance of multiplets of regular mtensities and in- 
tervals; very wide level separations, as great or greater than the term 
separations; and mutual perturbations of levels from the same or 
different configurations which result in the appearance of several pairs 
of levels which are essentially alike as to combining properties. The 
usual notation for spectral terms probably means little in this kind of 
spectrum, but from the standpoint of simplicity, there seems to be 
some advantage in using it even though the coupling is not LS. It 
was expected that the Zeeman observations would permit confirmation 
or revision of a number of levels which were designated in somewhat 
arbitrary fashion. This expectation has been realized in regard to 
several levels which are involved in intense combinations. The 
outstanding line combinations among the (‘S°) family of terms yield 
patterns which clearly confirm the original classification [3]. 

Table 6 contains a list of levels for which g values have been ob- 
served, together with observed and calculated g’s. The calculation of 
y’s for Jj coupling is made on the assumption of LS coupling for the 
parent level. The justification for this procedure is the same in this 
case as it was in connection with the calculation of g’s in Xe tr. The 
designations at the left of the table are fhose at present regarded as 
most probable. A column at the extreme right gives the earlier [4] 
lt By in cases where they differ. Discussion of these revisions 
follows. 
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TABLE 6.—g-values—Xe 111 levels 





| 1 i 7 
| 
Xe 111 levels Ob- | 


served | Op. | Calcu-| Cajoy- 
lated | jated 





For. 
mae served 9 ; mer 
phreys| 2 | Lands | 2,47 | desie 
ed | Bein | JF, | ong |i 
gers 


| 
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Lom Magni- 
Origin nda 








set 5p (S68 {a5} | 139471, 80 


125854. 72 
‘ 24421. 51 
5s? 5p3(?D°) 6s 120480. 72 
bea ri _116040. 63 
5s? 5p (2P°)6s sOTO06. 40 

















118357. 77 
120943. 39 
117024. 51 
115932. 46 
113788. 61 


112307. 29 
112126. 40 
110027. 40 
106280. 64 
108787. 71 
107031. 06 
98397. 50 
96494. 07 
96828. 90 
94650. 20 
94577. 18 
5s? 5p? (?D°)6p 92733. 48 
92714. 78 
92534. 05 
92208. 79 
91002. 85 
87099. 00 
| 83857. 65 

5s? 5p? ?P°)6p =|; *D2, | 81132. 93 
it 26; 81059. 42 


5s? 5p? ?D°)5d 
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The only important changes in designations of levels of Xe m 


have been made among the group belonging to the 5s? 5p* - 6p con- | 
figuration and of (7D°) parentage. These levels are now capable of 
a much clearer interpretation. Levels previously [4] designated 2, and | 
8, must have their J values increased from 2 to 3. The former value, 9 
2., is now called 'F; and 8, becomes*D;. Similarly, the inner quantum 
numbers of 6; and 103, as listed in the earlier paper, both become 4. | 


After this change has been made, it seems probable that the level 


formerly called 10; can now be identified as the missing level, | 


(*D°)6p *F,. There can be only one level with this inner quantum 


number from the 6p configuration. Accordingly, 6, must be accounted | 
for by another configuration. It may belong to a term caused by the | 
binding of an f-electron. The following changes of designation with 
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retention of the same J values are suggested for other levels of the 
sane group by the observed g values: 6p *D, to 6p °F, 6p *D; to 6p *F,, 
6p °F, to 6p °D2, 12, to 6p *P2, and 14, to 6p*P,. The alternative 
designation, 6p 'P, for 4,, is abandoned on account of the low g value, 
0.42, obtained for this level. 

The level at 122721.35, formerly called (7D°) 5d'P3, should 
have a j value, 2. This rules out the former designation, so we 
simply give the level a number, 413. Since the same level combines 
with 92793.33, designated (?7D°)6p *Po, the 7 value of the latter must 
be increased from 0 to 1, invalidating the former classification. 

Mainly on account of relative weakness of combinations within 
the ?P°) family, an insufficient number of patterns are available to 
test the g-sum rule. The g value of the level (?7D°)6s *D; is taken to 
be 1.33, according to the g-sum rule, because it is the only level from 
this configuration having a J value, 3. The g value is, therefore, 
that given by the Landé formula. 

Calculation of the g’s for Jj coupling in the manner explained 
gives values in many cases identical with the Landé q’s, in several 
others differing from the Landé g’s by a relatively small amount. In 
the absence of a more complete set of Zeeman effect observations for 
Xe 1, it is rather difficult to draw final conclusions regarding the 
coupling of the quantum vectors. The g values for the lowest levels 
observed are fairly close to those given by the Landé formula, whereas 
the majority of the intermediate levels yield g’s more closely approxi- 
mating those associated with Jj coupling. 


S. A. Goudsmit communicated some valuable suggestions in regard 
0 the probable vector-coupling schemes in these spectra and the 
methods of calculating theoretical g values, which the authors grate- 
lully acknowledge. 
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AN IMPROVED ELECTRIC HYGROMETER 


By Francis W. Dunmore 


ABSTRACT 


The psychrometer and hair hygrometer are common means of determining the 

moisture content of air. There are, however, many circumstances to which 
these are not well adapted, especially in the measurement of upper-air humidities 
by means of the radio sonde, where marked and sudden changes of humidity are 
encountered. Infact, when humidity readings are to be made or recorded graphi- 
cally, remote from the point of measurement, or where humidity must be determined 
rapidly ‘al in confined spaces or at low temperatures, these methods are not 
practical. 
' This paper describes a type of electric hygrometer which better fulfills the 
above requirements. It covers improvements made in an earlier type of electric 
hygrometer previously described by the author. The improved unit consists of 
an 0.01-inch-wall aluminum tube 1! inches long coated with polystyrene resin 
and wound with a bifilar winding comprising 20 turns (of each wire) per inch of 
No. 388 AWG bare palladium wire. The unit is then coated with a thin film of 
partially hydrolyzed polyvinyl acetate with the addition of a small amount of 
lithium chloride, the amount depending upon the humidity range to be covered 
by the unit. The electric resistance of the film between the two coils is a function 
of humidity. 

The thin-walled aluminum tube enables the unit to assume quickly the temper- 
ature of the air, as it must if measuring relative humidity. The use of palladium 
vire eliminated a continuous aging effect or increase in resistance caused by a 
flm which continued to form on the surface of all other wires previously used. 
The polystyrene resin forms an excellent water-resistant surface of high electric 
resistance for the wire and water-sensitive film. This construction eliminated 
hysteresis effects previously experienced, caused by the adsorption of water by 
glass and other materials used as bases. 

The polyvinyl acetate forms a porous binder for the lithium chloride, which 
not only gives stability and uniformity to the units but also greatly reduces 
polarization effects previously experienced when using the electric hygrometer in 
the d-e radio-sonde circuit. 

Methods of construction, coating, aging, and using the units in both a-c and 
d-e circuits are given. 

A method is provided which makes possible the measurement of relative 
tumidity from 10 to 100 percent by using several units of different sensitivities in 
parallel, with resistors in series with each. 

The humidity-resistance characteristics are given for individual units coated 
vith different percentages of lithium chloride and for three- and five-element 
composite units. : 

A calibration of a three-element unit used in the radio-sonde circuit serves as 
an example of measurements over a temperature range from + 30° to --60° C. 

Electric-hygrometer units have been made which have not varied more than 2 
or 3 percent over a period of several months. 

701 
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I. INTRODUCTION 


The psychrometer method of measuring humidity has long been a 
common means of determining the moisture content of air. There 
are, however, many conditions for which this method is not well 
adapted, a particular case. being the measurement of upper-air 
humidities by means of the radio sonde. When remote indications 
or recording of the humidity is required, or when measurements | 
must be made in small confined spaces or at low temperatures, the 
psychrometer method is not practical. The hair-type hygrometer 
is now generally used, but its slow rate of response and other peculi- 
arities have made its use undesirable in many instances. In radio 
meteorography the large time lag in response of the hair hygrometer 
introduces serious errors, since sudden humidity changes are often 7 
encountered by a rapidly ascending balloon. This lag increases with 7 
decreasing temperature, with the result that the accuracy of this | 
type of hygrometer becomes progressively less at increasing altitude. | 

n a previous paper,’ an electric type of hygrometer was described 
for use with the radio sonde, which, subject to certain precautions, 
gave some promise of satisfying the requirements for a remote humid- 
ity-indicating device without moving parts or appreciable lag. It | 
consisted of two fine tinned copper wires spirally wound simultane- | 
ously on a thin-walled etched glass tube so as to form 20 bifilar turns | 
per inch. After the glass tube was wound, it was coated with a dilute ; 
solution of lithium chloride in water. The lithium salt, with the mois- 
ture which it takes up from the air, formed an electrolytic conductor on | 
the glass surface between the two wires. The resistance of this con- | 
ducting film varied greatly with the moisture content of the air, so | 


f 
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1 F, W. Dunmore, An electric hygrometer and its application to radio meteorography, J. Research NBS 20, | $ 
723-744 (1938) RP1102. 
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that the resistance of the unit could be expressed in terms of percentage 
of relative humidity. Such a unit gave satisfactory results if certain 
precautions were observed in its use. These precautions were neces- 
sary because of continuous short- and long-period aging effects and a 
polarization error when the unit was used in d-c circuits. It was also 
found necessary to switch in two or more units of different sensitivities 
in order to cover the full humidity scale. 

Recent research on this hygrometer has substantially overcome 
these difficulties, resulting in a unit which now appears to be definitely 
superior to the hair-type hygrometer, especially for radio-sonde use. 
[It also has advantages over the psychrometer method under many 
other conditions of measurement. The original features of rapid rate 
of response and inherent variation in resistance with changes of 
humidity have been retained. 

The present paper describes the improvements made in the original 
electric hygrometer, the method of construction, the operating 
characteristics of the new unit in a-c and d-c circuits, and some special 
applications. 

The method of using the electric hygrometer in the radio sonde and 
results obtained on routine operation are given in a separate paper. 






















II. IMPROVEMENTS OVER EARLIER DEVICE 






The improvements incorporated in the new electric hygrometer 
may be classified under four headings: (1) Prevention of long-period 
aging; (2) prevention of a hysteresis effect, or short-period aging; (3) 
use of partially hydrolyzed polyvinyl-acetate film, (a) lithium-chloride 
binder, (b) homogeneous film, (c) reduction of polarization; (4) special 
design for covering the full humidity range without switching means. 










1. PREVENTION OF LONG-PERIOD AGING 





Early work with the bifilar-coil electric hygrometer showed that the 
electric resistance of the unit continued to increase from week to week, 
so that it was necessary to calibrate the device shortly before using. 
It has since been found that this increase in resistance was caused by 
a film which gradually formed on the surface of the wire used for the 
coils. After units were wound with many kinds of wire, it was found 
that platinum and palladium wire were the only kinds which would 
eliminate this aging effect. (Recent tests indicate that it may be 
possible to use gold or gold-plated wire.) As palladium is cheaper than 
platinum, the former is now used. Units wound with this wire have 
been found to hold a calibration to within +3 percent for 6 months. 
Twenty bifilar turns per inch of No. 38 AWG gave the best results. 
A reduction in the number of turns per inch increases the current 
density at the surface of the wire, which tends to increase the polariza- 
tion effect in d-c circuits and to decrease the life of the unit in a-c 
circuits. Fewer turns, however, make a unit which covers a greater 
range of humidity for a given resistance change. With amplifying 
means between the unit and indicating instrument, it is possible that 
fewer turns might be used. 


7H. Diamond, W. 8. Hinman, Jr., and F. W. Dunmore, An improred radio sonde and its performance; 
Publication pending. i 
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2. ELIMINATION OF SHORT-PERIOD AGING 


Another phenomenon termed hysteresis, or short-period aging, in- 
volving intervals of several hours before becoming apparent, made it 
necessary to calibrate the units shortly before using, or to store them 
at a fixed humidity. The cause of this effect was finally traced to the 
adsorption of water by the etched-glass surface upon which the bifilar 
coils were wound. As giving up or taking on of water by the glass re- 
quired several hours, the result was a shift in the calibration curve for 
the unit to lower values of resistance if the unit had been exposed to a 
high humidity for several bours, or to higher resistance ken if the 
unit had been exposed to a low humidity for several hours. This be- 
havior of the units was illustrated in the previous paper. 

A way of overcoming this effect was to store the units in a fixed 
humidity chamber until ready for use. 

After many water-resistance coatings had been tried on the glass, 
polystyrene, a thermoplastic resin, was found which overcame this 
troublesome effect. A coating is applied by dipping the glass tube in 
a solution of polystyrene. 

The construction now preferred consists of a thin-walled aluminum 
tube in place of the glass tube. The aluminum tubing is dipped in 
the polystyrene solution, heated to drive off the solvents, and it 
is then wound with the bifilar coil of palladium wire. The aluminum 
tubing should be of the commercial hard-tempered type with an outside 
diameter of % inch and a wall thickness of 0.01 inch. The thia 
wall is necessary, as the unit must attain the temperature of the air 
surrounding it in order to register the true relative humidity. This 
is especially important in radio-sonde use, where sharp temperature 
inversions are often encountered. Such a unit is shown in figure 1. 

The polystyrene film on the aluminum tube serves as a surface of 
high electric resistance for the bifilar coil and the moisture-sensitive 
coating, without adversely influencing the functioning of the device. 

In applying this film it is important that the composition of the 
polystyrene solution be such that the film will dry without cracking 
or crazing. Any such surface irregularities tend to produce a hystere- 
sis effect, or lag in response of the device. Also, such a surface 
structure causes nonuniformity of the coating of the moisture-sensitive 
film which is applied after the unit is wound. 

A satisfactory polystyrene solution for coating the aluminum 
tubing by dipping was found to be as follows: 

100.0 g of polystyrene (Resoglaz). 

18.4 g of dibutyl phthalate (plasticizer). 

90.0 g of ethyl acetate. 

133.0 g of butyl acetate. 

90.6 g of xylsne. 

135.0 g of toluene. : 
The aluminum tubing (with ends closed) was dipped in this solution 
and immediately withdrawn at a steady rate of approximately | 
inch per 7 seconds. This process was repeated with a drying interval 
between each coat of 3 hours, until the film of styrene resin was about 
0.01 inch thick. After the application of the last coat the unit was 
heated at 80° C for 18 hours before winding. The polystyrene 
surface should not be roughened, as such treatments produce units 
which are not reproducible when coated with the moisture-sensitive 
film. 
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Figure 1.—An electric-hygrometer unit. 


(See p. 706 for approximate dimensions.) 
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Figure 4.—Five-element electric hygrometer for indicating relative humidities fro) 
10 to 100 percent. 


The five units are connected as shown in figure 3. The cloth-covered housing protects the unit 
dirt but allows water vapor to reach them 














Figure 5.—Three-element electric hygrometer in radio-sonde mounting. 


Bottom (and side) view of radio sonde. The electric-hygrometer mounting is shown withdrawn from the 


lower end of the sun shield. 
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3, USE OF PARTIALLY HYDROLYZED POLYVINYL-ACETATE FILM 


(a) USE AS A BINDER FOR THE LITHIUM CHLORIDE 


The moisture-sensitive material used on the polystyrene surface 
is a dilute solution of lithium chloride in water. In order to keep the 
lithium chloride on the smooth polystyrene surface, a suitable binder 
had to be found which would mix readily with the solution of lithium 
chloride in water and form a thin film which would readily pass water 
vapor without producing appreciable lag in the response of the unit. 

Early in the work on the electric hygrometer, at the suggestion of 
T. P. Sager, of the Bureau’s Chemistry Division, a partially hydrolyzed 
polyvinyl acetate called Hydrogel or Solvar was tried as a sensitive 
hygroscopic coating on shellac, spar varnish, and balata as bases. 
These combinations were not sufficiently sensitive. However, in 
later work this material mixed with lithium chloride as the sensitive 
element proved to be a most satisfactory combination. This par- 
tially hydrolyzed polyvinyl acetate (36 percent saponifiable) is sold 
by the Shawinigan Products Corporation, Empire State Building, 
New York City, under the name of Solvar—sample 6341 S. O. 1232, 
W. O. 5356-11. This was furnished in the form of a viscous alcoholic 
solution containing 25 percent of solid material. A satisfactory 
dipping mixture consists of 1 part of this solution by volume to 6 
parts (by volume) of a mixture of equal parts of water and ethyl 
alcohol. To this solution the saturated solution of lithium chloride 
in water (at 21° C) is added in percentages by volume, depending 
upon the range in the humidity scale to be covered by the unit to be 
coated. In using this solution, care should be taken to prevent 
evaporation of the alcohol as this causes the solution to become more 
concentrated, giving units with a resistance below normal. The 
percentages of lithium chloride necessary to cover specified ranges of 
humidity will be discussed under section TV—2 (a). 


(b) HOMOGENEOUS FILM 


Another advantage in the use of the partially hydrolyzed polyvinyl- 
acetate—lithium-chloride solution is that it flows evenly on the smooth 
polystyrene-resin surface, thereby distributing the lithium chloride 
uniformly. Lithium chloride and water alone form small globules. 
With the uniform film, units may be duplicated so that about 75 
percent of them will agree in their humidity indications to within 
+3 percent. A satisfactory method of coating is described under 
section IJ-4 (b). 

(c) REDUCTION OF POLARIZATION 


A third advantage in the use of the partially hydrolyzed polyvinyl- 
acetate film proved to be a reduction of the polarization, or counter- 
electromotive force, set up by the direct current flowing through the 
unit when used with the radio sonde developed by Diamond, Hinman, 
and Dunmore.* In normal use alternating current may be applied to 
the units when making measurements, in which case polarization 
errors are not present. However, it is necessary to use the same 
type of circuit or indicating instrument as was used in calibrating the 
units, as the resistance of the unit is a function of the current flowing 
through it. The coating on the unit behaves like an electrolyte. 


*H. Diamond, W. 8. Hinman, Jr., and F. W. Dunmore, A method for the investigation of upper-air phe- 
nomena and its application to radio meteorography, J. Research NBS 20, 369-392 (1938) RP1082. 
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The reason for the reduction of polarization by the polyvinyl-ace. 
tate film is not fully understood. 


4. METHOD OF MAKING THE HYGROMETER UNITS 


(a) CONSTRUCTIONAL DETAILS 


A typical unit, as shown in figure 1, consists of 32 inches (about 
25 bifilar turns) of 38 AWG bare soft-drawn palladium wire having 
an ultimate tensile strength of 600 grams. This wire is wound 20 
bifilar turns per inch on the polystyrene-coated aluminum tube. 
(See section I/—2 for description of polystyrene coatings.) The tub- 
ing is about 1’. inches long with an outside diameter of % inch 
and a wall thickness of 0.01 inch. The insulated washer at one end 
serves to hold the terminal leads while the split washer at the other 
end serves to anchor the free ends of the bifilar coil. These washers 
should be made of a highly water-resistant material, such as poly- 
styrene resin, and should be put on over the polystyrene-resin coat 
and anchored with a drop or two of the polystyrene solution about 
% inch from the end of the tube. This gives a longer leakage path 
from the terminals to the aluminum tubing. If sufficient rigidity 
could be obtained with a unit moulded from polystyrene resin with a 
wall thickness of 0.02 inch, then the whole unit, washers and all, 
could be moulded in one piece without the need for the aluminum 
tubing. High temperatures might cause such a unit to lose shape 
and thereby loosen the winding. This type of construction is still 
under consideration. 

In order to insure a tight winding, the palladium wires should be 
heated as they go on to the tubes so that they seat just slightly into 
the polystyrene-resin surface. 


(b) COATING PROCEDURE 


In order to obtain units with predetermined operating character- 
istics, it is important that a standard method of applying the poly- 
vinyl-acetate—lithium-chloride coating be followed. A satisfactory 
procedure is to mount the units with their longest axis vertical. 
They are quickly immersed up to the terminal washer in the solution 
and then withdrawn by a motor-driven device at a constant rate of 
1 inch in 12 minutes. The surplus liquid clinging to the lower end of 
the unit is absorbed with a blotter, and the units are allowed to dry in 
still air. 

(c) AGING 


After the units are coated, they must go through an aging period of 
at least 10 to 14 days before they are ready for use. During this time 
the resistance of the units continues to decrease until it settles down 
to a final value (for any given humidity) where it remains for 6 months, 
at least, which is the longest time a unit has been on test. Recent 
experiments on 19 units seem to indicate that this aging period may 
be reduced to 2 days by putting the units in a humidity chamber with 
air at 60-percent relative humidity and 26° C and continually circulat- 
ing the aw gently over the units. 

Attempts to age by baking in an oven in still air at 60° C were not 
successful. 
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5, SPECIAL DESIGN FOR COVERING THE FULL HUMIDITY RANGE 
WITHOUT SWITCHING MEANS 


If an attempt were made to cover the full humidity range with a 
single unit such as shown in figure 1, the variation in resistance of the 
unit would be so extreme that it would extend outside the normal 
limits of a measuring device. Furthermore, the excessive current 
from the measuring circuit through the unit at high humidities would 
be harmful to the unit. 

For the radio sonde the resistance variation for a change in humidity 
from 5 to 100 percent from +30° to —30° C should not vary outside 
the limits of 3 megohms to 10,000 ohms. When used in an a-c cir- 
cuit, such as with a Weston model 764 capacity meter (calibrated to 
read in ohms), the resistance variation for a change from 5- to 100- 
percent humidity should be confined within the limits from 8 megohms 
to 75,000 ohms. 

In order to make possible this condition for radio-sonde use, a mul- 
tiple-unit design with different percentages of LiCl coatings on each 
unit was devised. By arranging three units in parallel with 1-, 2-, and 
3-percent LiCl coatings, respectively,‘ with the proper resistors in 
series With each, as shown in figure 2, it is possible to confine the re- 
sistance variation of the composite unit to the required limits. 

For use in an a-c circuit a five-element unit as shown in figures 3 
and 4 has been found necessary. In such an arrangement, unit A, 
figure 3, would have a polyvinyl-acetate coating only, B a coating of 
0.25 percent of LiCl, C 0.5 percent of LiCl, D 1.0 percent of LiCl, 
F 2.2 percent of LiCl. R, is greater than R,, R, than R;, ete. At the 
high humidities, units B, C, D, and E, although practically shorted, 
are prevented from causing a short at terminals F by resistors R2, Rs, 
R,, and Rs, yet the resultant resistance at F will vary through limits 
below the values of the parallel circuits of R,, R3, Ry, and R;, since 
unit A has resistor R,, only, in series with it. Thus A is the controlling 
unit at high humidities. On the other hand, at low humidities A, B, 
(, and D are practically open-circuited, whereas R,, R2, R;, Ry, and Rs 
are not sufficiently high to prevent the change in resistance of unit H 
from affecting the over-all resistance at F. Thus £ is the controlling 
unit at low humidities. In a like manner, units B, C, and D become 
controlling units in turn at intermediate humidities. See section 

—2(a). 

All materials used for mounting and wiring the units for the parallel 
arrangements must be highly water-resistant. 


III. OPERATING CHARACTERISTICS IN D-C 
RADIO-SONDE CIRCUITS 


As the radio-sonde circuits pass pulsating direct current through the 
dlectric hygrometer, the characteristics of the unit in such a circuit 
liffer somewhat from those obtained when it is used in a-c circuits. 
Some polarization exists in d-c circuits, but it is a fixed factor in a 
siven type of circuit and does not change the calibration of the unit 
appreciably during the period of a flight. The unit appears to have a 
@ugher resistance at a given humidity than if measured with alternating 
@current flowing through it, as described under section IV-1. 

‘In this paper 1-, 2-, and 3-percent LiCl units refer to those coated with solutions in the proportion of 


1.01, 2.02, and 3.03 mi, respectively, of a saturated solution of LiCl in water at 21° C; to 100 ml of the poly- 
inyl-acetate-alcohol-waier (Solvar) solution. Similarly for other percentages. 
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Figure 2.—Circuit arrangement and frequency-humidity characteristics for a three- 
element electric hygrometer as used in radio sonde. 


Dotted lines show characteristics for individual units. Full line shows characteristic for units connected 
as shown at A. 
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Ficure 3.—Five-element electric-hygrometer circuit arrangement with humidity- — 
resistance characteristics (24° C). 
1. THREE-ELEMENT UNIT 


For use in the radio-sonde circuit developed for the Navy Depart- | 
ment,’ a three-element unit has been found satisfactory. It consists | 
of three units constructed as outlined under section II-5. Figure 2 | os 


§See footnote 2, page 703. 
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shows this circuit arrangement, while figure 5 shows the units mounted 
yn a panel which slides into the sun shield of the radio sonde. The 
units are coated with a 1-, 2-, and 3-percent lithium-chloride-poly- 
rinyl- acetate solution respectiv ely. The three units are connected 
in parallel with 32,500 ohms in series with the 2- and 3-percent units. 


2. FREQUENCY-HUMIDITY CHARACTERISTIC 


In the radio-sonde circuit the variation in resistance of the electric 
hygrometer alters the audio frequency generated by a special audio 
pscillator which in turn modulates the carrier-frequency oscillator. 
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-60 -50 -40 -30 -20 -10 O +10 +20 +30 +40 
OBSERVED TEMPERATURE - °C 
iguRE 6.—Graphs for evaluating true humidity from observed humidity (frequency) 
and temperature. 


This audio note is received on the ground, where it is recorded on a 

raphical frequency recorder. This record may be interpreted in 

erms of humidity. In figure 2 are shown in dotted lines the humid- 
ty-frequency calibration graphs at 24° C for the individual 1-, 2-, 
nd 3-percent LiCl units when used separately in the radio-sonde 

“@urcuit. The full-line graph in this figure is for the composite arrange- 
@uent of the three units at 24° C connected as shown at A. 


3. TEMPERATURE CORRECTION 


The electric hygrometer functions like an. electrolyte in that its 
esistance increases with a decrease in temperature. In radio-sonde 
ise where temperature variations of 100° C are encountered, it is of 
ourse necessary to apply a correction to obtain the true humidity. 
t has not been found possible, even with a composite three-element 
@uit, to cover the full 10- to 100-percent ‘teenie scale, over this 
xtreme temperature range; but it has been feasible, with the com- 
/Posite unit shown in figures 2 and 5 to cover a considerable portion 
f this range. The family of graphs determined empirically for dif- 
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ferent temperatures, shown in Figure 6, constitute the standard. | 
These are based on the average of many composite units taken at | 








various low temperatures and having individual units with charac. 9 ul 
teristics at 24° C., as shown in figure 2. Knowing the temperature (a3 
is the case with a radio sonde), the humidity is obtained from the § 2 
frequency-humidity graph for that temperature. q , 

If the method previously outlined for making and coating the units 9 
is carefully followed, it is possible to obtain about 75 percent of the § 6 
units which will fall within +3 percent of the standard graph. . 

For use at varying temperatures other than with the radio sonde. J . 
a multiscale indicating instrument may be used—see section V-3, § , 

Units for use at very low temperatures only can probably be made 9 | 
by using a coating having a greater percentage of LiCl. In this case @! 
the problem of calibration becomes difficult. 
IV. OPERATING CHARACTERISTICS IN A-C MEASURING 

CIRCUITS 
1. CIRCUIT ARRANGEMENT 

For use other than with the radio sonde, the hygrometer should 

be used in an_alternating-current circuit, as polarization is thereby 
0-125 
MICROAMMETER 
FIR, 
| ELECTRIC 
MYGROMETER 
Re at 
a FULL WAVE | 
RECTIFIER i 
Figure 7.—Measuring circuit which passes alternating current through the electric 
hygrometer. Fr 


eliminated. For the radio sonde this is not a serious factor, as it does 7] 
not alter the operation of the hygrometer sufficiently to change the} 
calibration during the period of time (1 hour maximum) in which the} sh 
unit is used. An a-c circuit arrangement is shown in figure 7. HereS@, , 
the unit is put across about a 100-volt 60-cycle alternating current : 
with 0.75 megohm and the input of a full-wave copper-oxide rectifier] 

in series with it. The d-c output of the rectifier 1s connected to af 
microammeter having a scale division of 0 to 125. The microan- 
meter scale may be calibrated in terms of percentage of relative 
humidity. The voltage impressed on this circuit arrangement should, 7@ py, 
of course, be kept at 100. The above circuit arrangement is that}@ .), 
obtained when using the C/1,000 scale of a Weston model 764 capacity B@ 5», 
meter, the electric hygrometer taking the place of the condenser to bef @ oo, 
measured. This capacity meter may be used as an ohmmeter in thisf® go, 
fashion, since it is measuring only ohmic resistance in a nonreactivesg | 
circuit. This circuit arrangement was adopted because it passes qif 
alternating current through the unit, and this current is never greateThg Ty, 
than 200 microamperes. The current must be kept under this value, 59 op, 
as heavy currents would alter the calibration. Information as to the@ y, 
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constancy of calibration of a unit if the current is allowed to flow 
through 1t continuously is not yet available, although a current of 100 
microamperes flowing through a unit steadily for several days seemed 
to have little effect. It is safer, until further data are available, to 
read humidity by allowing current to flow through the unit only for 
the time necessary to take a reading, or for control purposes a timing 
switch could connect the unit into circuit only for a time long enough 
to affect the control mechanism. If this is not feasible, the hygrometer 
unit could be left in the control circuit continually by placing it in the 
input circuit of a suitable electron-tube amplifier with the indicating 
or control device in the output circuit. In such a circuit the current 
through the unit would be kept within safe limits. 
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FiguRE 8.—Humidity-resistance graphs for five individual wnits (at 24° C) coated 
as shown and used in the circuit of figure 7 or 10. 


The capacity between the two wires running to the humidity unit 
should be kept as small as possible by separating them. If appreciable, 
a circuit arrangement described under section V—1 should be used. 


2. HUMIDITY-RESISTANCE CHARACTERISTICS 


(a) SINGLE-UNIT CHARACTERISTICS 


Using such a circuit arrangement with the capacity meter cali- 
brated to read in ohms instead of microfarads, the humidity-resistance 
characteristics shown in figure 8 were obtained. Here graphs B to E 
are for standard units with a 0.25-, 0.5-, 1-, and 2.2-percent LiCl 
coating, respectively. Graph A is that obtained with the polyvinyl- 
acetate film alone, without LiCl. 

The coatings on these units were so chosen that each unit covers a 
different range of humidity when varying over the same resistance. 
Thus, considering a resistance variation from 8 megohms to 75,000 
ohms, unit Z covers from 10 to 22 percent, unit D 22 to 42 percent, 
unit C 40 to 60 percent, unit B 50 to 70 percent, unit A 66 to 91 per- 
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cent. A percentage of LiCl for B to give less overlap might be 0.19 
percent. In this case A might be coated with a somewhat diluted 
polyvinyl-acetate solution, which should cause the unit to register up 
to 100 percent. 

(b) COMPOSITE-UNIT ARRANGEMENT 


While individual units as described above should find some applica. 
tions (see section V, Design for Special Uses), it is evident from figure 
8 that no one unit will cover the full humidity scale. However, by 
putting the units A to £ (fig. 8) in parallel each with its proper series 
resistor, as shown in figure 3, it is possible to obtain in effect a single 
unit which covers the humidity range from 10 to 100 percent at room 
temperatures, with resistance variation confined within the limits of 
8 megohms to 75,000 ohms. A satisfactory combination for figure 3 
is: R,=75,000 ohms, #,=0.15 megohm, R;=0.35 megohm, R,=1 
megohm, 2,3 megohms, with A coated with polyvinyl acetate only, 
B with 0.25 percent of LiCl, C with 0.5 percent of LiCl, D with | 
percent of LiCl, and F with 2.2 percent of LiCl. The resistances re- 
quired will vary somewhat with the variation in the range of response 
of different units with the same percentage of coating. The humidity- 
resistance graph for the above combination is shown in figure 3. With 
such an arrangement the microammeter scale may be calibrated to 
read in terms of relative humidity instead of ohms. Such a composite 
unit has not varied over 3 percent from an original calibration, over a 
period of 4 months. 


V. DESIGNS FOR SPECIAL USES 


A hygrometer of the type described is very flexible in its application, 
since it is of the electrically operated type and may be modified to fit 
specific needs. 

If one is interested in a limited humidity range, as for example in 
the automatic control of humidity, a single-element unit is desirable, 
as greater sensitivity may be obtained. (See graphs in fig. 8.) It 
must be emphasized, however, that information is not yet available 
as to the life of a unit when the control current is allowed to flow 
through it continually. An electron-tube amplifier may be used, as 
described under section IV-1. Replacement units are inexpensive 
and may be easily plugged into circuit after a given number of hours, 


1. DESIGN FOR USE WHERE A-C POWER IS AVAILABLE 


Where it is necessary to run long lines from the humidity-indicating 
device to the humidity unit, it is necessary to locate the full-wave 
oxide rectifier, A, as shown in figure 7, at the location of the humidity 
unit and run the d-c output of the rectifier back to the location where 
the humidity is to be registered. This method is necessary, as the 
alternating current flowing across the capacity of a long line to the 
humidity unit would register on the indicating meter. 


2. BATTERY-OPERATED UNIT 


For portable use and in places remote from a 60-cycle a-c supply 4 
measuring circuit may be used in which the alternating current for 
operating the unit is obtained from an electron-tube oscillator operat- 
ing at 60 cycles. It may be powered from small dry cells such as are 
used in portable radio sets. 
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3, MULTISCALE UNIT FOR CONDITIONS OF WIDE TEMPERATURE 
VARIATIONS 


For registering humidity under a condition of wide variation in 
temperature, a multiscale indicator such as shown in figure 9 might 
be used. gyn | the temperature, the humidity scale for that 
temperature is used. 

A second type of multiscale arrangement for use at room tempera- 
tures is shown in figure 10. Here individual units with different 
sensitivities are connected to the measuring instrument (Weston 
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Figure 9.—Proposed scale arrangement for temperature correction. 


model 764 capacity meter set at minimum capacity setting) by means 
of a five-point switch. Depending upon the humidity, the particular 
unit may be selected which brings the meter reading within the scale. 
Thus if the humidity is between 10 and 20 percent, switch contact 
1 and scale 1 will be used. This arrangement has the advantage of 
very open scale, allowing greater precision in humidity readings. 





The author expresses his appreciation to Harry Diamond for many 
helpful suggestions during the progress of this work, to L. L. Hughes 
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the hygrometer units, to W. S. Hinman, Jr., for low-temperature 
calibrations, to D. N. Craig, of the Electrochemistry Section, for 
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Ficure 10.— Multiscale arrangement for use at room temperatures, using five electric- 


hygrometer units each covering a different humidity range. 


Special acknowledgment is made to R. S. Doyle, of ‘Julien P. 
Friez and Sons, who, as research associate assigned to the Radio 
Section of this Bureau for this work, has been of invaluable assistance. 


WasuHincTon, October 9, 1939. 
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